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The scope of a brief review of the entire area of nano-science and technology is
broader still. Nevertheless, it is anticipated that some coverage of the general subject
along with a more thorough but brief exposition of the work at NRL will be of use to
those pursuing related research at the Laboratory.

A number of researchers provided contributions to this document. They are
recognized in Appendix I along with a mention of their particular area of expertise.
Their patience in discussing the ideas contained herein, along with further
suggestions which have been made, is truly appreciated.

A tabulation of facilities associated with the nanoscience and nanotechnology
effort at NRL is given in Appendix IL

vi



Preface

This r%ewrtemt was prepared rrs mr introductory phase of strategic discrrssimrs at
the Naval Research Laboratory. It serves to outline a number of activities within and
outside of NRL in [he field of nanostructures. Ii is recognized that this field is gaining
interest rapidly, and some coordination (or at Iesst communicatimr) among the variorm
Ekwmts pursuing this fascinating field at NM is highly desirable and synergistic.

Rapid developments in frontiers related to miniaturization have taken place irr
the last several years. Mkroelectronica is pressing for smaller devices. Optical
materials and devices are now made with nanometer-sized components of matter.
Biotechrrology IS utilizing self-assembly for the growth of nanometer patterns.
Particulate are prepared for stronger and more versatile mechanical materiais. The
recent discovery of tunneiing tip rnicrnacopy (and the field nf prnximai probes) is
adding a powerful fabrica&m and characterization tool to many of the frontiers
involved with narmnreter dimensions. Further, the fabrication of mechanical systems
involving motors, gears, valves, actuators, etc. is advancing to micron dimensions.
?&my of the techniques utilized for fabrication and characterization among these
diverse f~orttiera utilize common facilities and/or procedures. This document is an
attempt to provide art overview of these diverse efforts, partictdariy where the Naval
Researclr Laboratory has significant interests.

Art y discussion of a topic aa broad and encompassing as
nanoscience/nanotechnoIogy must necessarily be cursory in many respects. Tfre
definition of the anbject is somewhat smb&rrous - does one include all structures less
than one mimrm in &lmermions’1 To do this would include the entire world of
chemistry. GerteraNy speaking, nanosiructures are considered to be weli-defirred
structures consisting of many atoms or molecules hsving &~mensions from I m Kttl
nm. This excludes substances such as amorphous organic polymers which invohm
long molecular chains having these dimensions. However, crystaiiizcd and ordered
polymeric materials may well be considered to be part of the
nanoscience/nanotechnology fieid.

A Iinear extrapolation of microelectronics clearly deals with structures vdrkfr
are sub-micron in dimensions. Indeed, ft.25 micron technology is in the near future
with this industry. Thus discussion of suctr devices in mirmelectronics will be
minimized in this document. The frnn&ier involving scientific developments extertds
ta smaller dimmmitrns in this area, However, in the case of micromachines,
dimensions are reaching microns in size, and this represents the frontier (discussed
in thk document] for tfds particular field. The assumption for this document is that
those aspects representing frontier developmerrts in making, measuring, and utitizing
smaller bits of matter (larger than a moleeuie) are to be inchtded for overview.

A special issue of the IEEE1 covers a number of tfm frontier aspects of
nannelatronics. The edi!or, in his introduction to this issue. wrote: “Despite my
invitation to do so, no one undertook the songlr task of writing an overall review of the
srzbjee~ however two of the papers provide good reviews of tbe work at well known
iriboratories;.,.” Clearly the entire subject of nsnoelectronics is a vast subject in itself.

1 Proceedings of the IEEE, 79, {8), August [1991) .
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NANOSCIENCE AND NANOTECHNOLOGY

I. INTRODUCTION

New phenomena and device behavior associated with materials having
nanometer dimensions have been pursued through several relatively independent
communities over the past decade or so. The communities which have been most
concerned about the consequences of materiala having sub-micron dimensions
include the microelectronics community, the materials community concerned with
the strength of structural materials, and the community interested in fabricating and
measuring the properties of thin films (magnetic and electromagnetic properties).
More recently, the bioscience/biotechnology community has recognized the
importance of self-assembly in fabricating structures derived from molecular forces.
A dramatic breakthrough in the ability to characterize materials at an atomic level as
well as to fabricate materials having nannmeter dimensions was introduced with the
advent of the Scanning Tunneling Microscope (STM). Tunneling tip technology is
having a profound impact - on the more conventional communities associated with
nanometer dimensions. It is beginning to be difficult to determine which
communities exist, as the tunneling tip has introduced such a large and growing
following which is having a major impact on the more traditional communities. This
technique appears to hold promise of fabricating and characterizing nanoelectronic
structures and devices, of measuring nanodimensional properties of magnetism and
superconductors, of characterizing molecules and/or aaaociations of molecules on a
surface, of characterizing the nanodimensional properties of metals and alloys, and of
even revealing fundamental information associated with the science of friction and
wear. There is IikeIy to be a substantial impact beyond those areas just mentioned.
The time is ripe to assess our current programs and note the impact of this infant
field, with an eye to enhancing the future programs in light of new discoveries. The
future will be unpredictable, however it seems clear that the areas of opportunity are
changing and should be assessed.

The enthusiasm with which nanoscience/technology has been received lately
is illustrated by a auote which could be labelled as “imaginative” or W’isionarv”
depending on ;hat f;ture developments actually bring:

“There’s no doubt in my mind that nanotechnology and
nanoscience will he to the 21st century what genetic engineering
has been to the last two decades of this century and probably more.
We’re going to see nsnoscale motors, wheels, gears, computers, you
name it. Specially designed nannvehicles will chug through our
arteries scouring plaque. Nanosensors and rranodrug-release
devices will anchor themselves to vital organs to control and heal
them. A computer in the brain. Why not? And all that is only on
the human level. In industry, nanotechnology will give us self-
replicating machines and parts and faster, cheaper, more complex
computing power. ”1:

Manuscript sPpKWed May 1, 1992.

lC. Joslia, Trends, Forwaars, and Analyses, fnaideR&D, 20, No. 35, pg. 2 (1991) (TechnicalInsights, Jnc.,
Er@wood, NJ).
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1. tNTRuDucTtuN

A mrmierafing view is appropriate when it is recognized that it may be decades
kmger before some of the ideas in thk quote have any hope of reaching fruitirm.

or

A munber of recent reviews and general interest articies m-i the general
subject of miniaturization as a frontier have appeared. The importance of examining
!Mla area of research has been recognized in a recent CongressionaHy-spotwored
atudy~. A Physics Today articie~ gives a concise rrvewiew of many of the phenomena
and challenges of this field. .4 recent review articIe’f gives a generat overview of
some elements of narmiechnology. A committee of the National Materials Advisory
Board has recently published a review5 of the properties of sub-crystalline materiak$.
with an emphasis on the mechanical properties of these materiais. Proceedings of
conferences related to electronic properties of nanometer-sized structures have
appeared~.~$. Books are appearing which review the subject, particularly the area of

2 Mi.n<aturizat ion Technologies, Office of Technology Assessment,
COngrasa of the United States, November 1991.

3 S2= Z. Smith and ti. G. Craighead, Nanof s.brication, Phys. Today, PP Z4-
30, Fabruary [1990).

~ A. Franks, J. Phy8, E: Sci. Instrum. Xl, 1441-1451 {1987).
Sanotectmology .

5 Aaseareh Opportunities for Materials with Ultrafine Microstructuxes,
National Materials Advisory Board, WNAR-4 54, National Academy Press.
Washington, D.C., 19%9.
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f, INTRODUCTION

physical phenomena associated with mesoscale structures9.lo.11. The explosively
expanding field of proximal probes is the subject of symposia at a number of
international meetingsl 2. Atomic and molecular manipulation for the fabrication of
nsrroatructurea is the subject of a recent Science issuel 3.

Broad sweeping generalizations may be made as illustrated in Figure 1, which
indicatea estimates for the rate of preparation for a variety of microscopic/
nanoscopic materials. In general, the smaller the dimension of the particle
fabricated, the slower the process. Certaioly this is true for lithographic techniques.
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g F. Capasso, Physics of Quantum Electron Devices, Springer-Verlag, NY,
(1989) . ISBN 3-540-51128-S; NRL Library QC 6t38.P48 (1989).

10 B. L. Atshuler, P. A. Lee, and R. A. Webb, Mesoscopic Phenomena
Solids, North-Holland (Elsevier Science Publishers B .V.) The Netherlands,
ISBN: O 444 88454 8 (1991).

11 M. ~eed, Nan~~~=~c~u=ed sy~~e~s (V. 35 of semi~~nd”~tors and

SeMi.MetalS), Academic Pressr NY, ISBN: 0-12-752135-6 (v.35) , (1992) .

12 e .9. , the Fifth International Conference on Scannirw Tunnelirw

in

Microscopy/Spectroscopy and the First International Conference on Nanometer
Scale Science and Technology, American Vacuum Society, Baltimore, t.m, 23-27
July (1990).

13 Science, 254, 1300-1341 (1991).
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11. MATERIALS AND FABRICATION

In arIy program investigating the behavior of new devices, the beginning trf
innovation is frequently based on new materials and new techniques for fabricating
these materials in specific forma. This is particularly true with the subjeet of
umo~imcefianotechnology. as the major challenge is simply to obiain tbe n-mteria!
and/or device on whicft to pursue experiments. The fabrication of nanostructwea
which arc well characterized consiitrites a critically important aspect of the entire
subject. Strclr etideavors are frequently not appreciated in proportion 10 their
importance.

ArIy diacmzsion of semiconductor materials in this document is overtaketr by t!te
wealth of literature on the subject. Suffice it to say that the flexibility of
semicorufnctors for engineering the properties needed for electronic circuits appeara
so exceed almost any other materials considered for tfrh purpose. With tire huge
indnstriaI network involved with advartcing tbe state of the art for aemiconducmra, ii
is clear that NRL programs must retlect spceific aspects of semiconductor behavior
rtot gerrerally pursued by industrial organizations in their quest for production items.

Characteristics of semiconductor materiais prepared for electronic applications
include:

Low surface dklocation density
Lattice parmncters matching those of epitaxiaI layers
Well characterized and corrtrollcd defects
ALdIity to produce large diameter wafers in volrrme
WeIl controlled surface topographies
Low cost

The demands placed on aenticonductor materials by the nanodimensional wor~d
are extreme due to the uniformity of materirds and interfaces required. Major
materiais fabrication protriems are encountered due to the migratiort & atoms just one
or two Iayera from “perfection.” As the world of smaller dimensions proeecds on the
iineariy-extrapolated world of microelectronics, the demand on materials increasea
tirarnaticaily.

The fabrication and utilization of artificiatiy-structured aemicoruhcting
materials has become a major objective. About one-quarter of the entire
aemiccmductor physics community is now engaged in studying aspects uf layered
semiconductor structures. The flexibility oblained by “band gap engineering” with
tlrese layered structures a!ong with the increased mobility of carriers in the
alternating layers provides considerable enhancement for device performance.
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11. MATER ALS AI ND FABRICATION

Advances required for monolithic circuitsl 4:
Process science (dimensional control and yield)
Device physics (addressing low power dissipation, low noise, and minimized

parasitic)
Circuit architectures and function (massively interconnected device functions)

~ (Codes 6345, 6800)

~ (Code 6800)

Epitaxial film growth techniques such as Molecular Beam Epitaxy (MBE) and
Chemical Vapor Deposition (CVD) ushered in the era of reduced dimensionality physics
6. Monolayer and heterojunctioninterfacesinvolving only a few interatomiclayers
can be grown with good control and reproducibility.A large varietyof transportand
optical propertiescan be designed through modificationof sample dimensions, lattice
matching, and strahred layer combinational5. The term “bandgap engineerhrg” has
resulted from this endeavor.

The techniques of MBE are well developed, and in more recent years emphasis
has been in gaining a deeper understanding of the atomistic processes which )ead to
desired material properties such as atomic smoothness between layers. A number of
instrumental techniques are utilized for such investigations. Techniques used to
examine the growth of successive layers include Reflection High-Energy-Electron-
Diffraction, (RHEED) and photoluminescence (PL).

Associated with the growth of layers for heterojunction material are the
difficulties of atomically smooth layers. The kinetic behavior of gases and adsorbed
species on the surface as a function of the many parameters associated with the
process represents a complex array of variations to be explored in the quest of
optimizing the material obtained. A variety of surface-specific diagnostic techniques
are employed for this purpose.

ImL

NRL has a number of activities involving epitaxial growth with MBE (see, for
example, Appendix II). Major questions being pursued at NRL include the basic
mechanism by which epitaxial layers are initiated, the roughness of the layers,
transport of atoms within the layers, and the conditions necessary to grow optimum
material.

14 Future Prospects for Electronics in Nanometer Structures, G. M.
Borsuk, Naval Research Reviews, No. 2, PP 2-10 (1987) .

15 F. Capasso, Physics of Quantum Electron Devices, Springer-Verlag,
NY, (1989) .
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growth of epitaxial layers of dissimilar materiaIs represents a diff%dty if
matching parameters are ncit exactly coincident {which is almost S%WWS
Larger ‘c~stai sizes introduce grea~er strain and’ a greater probabi@ ““~;

irrtrodmsi~g diskrcatiorts and imperfections. One idea which cordd be utilised in
selected circumstances is to grow epitaxial layers on patterned surfaGes. If such
growth were to take place on 10-100 micron “-mesas~ the strain introduced over the
distance of a mesa would be substantially L%% For iigirt-ernitting diodes. for example.
ttds idea cordd be quite useftd.

GaAs grown at iow temperatures (e.g., 400° C) has interesting properties such as
high reaistiviiy. Such materiai may be used for buffer layers in transistors to cut
down leakage currents.

EIeterojrmctimr materials are also beirrg appiied
to microwave and millimeter wave transistors. For
low noise applicatitrrrs tire High Electron Motriiity
Transistor (HEMT] (or MC!DFET) configuration is
especially attractive. Devices empioying inP (rather
than the more ctmventiorrai f3aAs) substrates have
been shown by General Electric, ~rrgfres and others to exKibit very low noise at
millimeter wavelengths but have severe power limitations. NRL is developing
techniques to overcome these limitations. hi generaI hrP-based devices are expected
to corrsiderably outperform {higher gain, lower noise) GaAs-based devices at
miHirneter wave frequencies with comparable outprrt power.

By gradhg tbe aluminum in GaAs/AiGaAs

‘inceflsc:~m

layers it is possible to get a rectifying harrier
similar to a Schottky barrier.
barrier, a simpie junction between a metal and a
semiconductor, has frequency
limitations. such an engineered rectifying junction
utiiizirtg graded semiconductor interfaces might
offer signifkant advantages. Analysis and experiments are underway at NRL to
verify this hypothesis.

Silicmr is the most widely used semiconductor in military electronic integrated
circrrits today, and wiIl continue to be into the future. Because of the relative ease of
processing, device designers prefer to work with silicon rmdess the functitrrr they
wish w achieve can ordy be realized in another materiaI. While military silicon
devices benefit from the multi-billion dollar investment in tire commercial silicon E2
industry, current civilian research is focussed towards the development of high
density integrated circrrits at low cost. But recent advances in rmnequi!ibriurn growth
techniques, snclr as molecular beam epitaxy (MBE,), and the fabricatiorr of Si&3e
hetirostmctures offer the exciting possibility of extending silicon-based devices into
the high frequency, optical, and nanometer rea?m. The report from fEtM of a Si/Ge
heterojrmction bipolar transistor showing unity gain-bandwidth product of 75 Ghz at
room temperature and of 94 Cibr. at 77 K and the announcement from Bell Labs of a
Si/Ge HEMT structure with eiectron rnobiiities greater than 120.000 cm2/Vs at 4 K have

6



n. MATERIAI S AND FABR ICA TIOfI/

thmst Si-based devices into a regime previously occupied by GaAs-and InP-based
devices. The report from JPL of a Heterojunction Internal Photoemission (HIP) device
based on the lower bandgap of SiGe alloys and the band offset when a Si/Si l+Gex
heterostructure is formed, which has absorption from 2-12 pm with a quantum
efficiency of 5% (at 2p) - 0.2% (at 12j.I), respectively, has put Si-based devices into a
militarily important infrared realm. Finally there is the frontier area of low
dimensional structures (quantum wells, superlattices, quantum wires, and quantum
dots) composed of Si/Ge, whose electrical/optical properties might lead to an efficient
Si-based laaer. But all of these structures are based upon the defect free growth of
doped layers of Si l.xGex, for values of x from O to 1, on Si, for which there is a lattice
mismatch of as large as 4.17%. At the present time there are active research programs
in controlled doping (n and p type) during MBE growth, growth of strained-layer
superlattices of Si/Si l-xGex, and the segregation of Ge during Si t_xGex growth. The
quantum structures are based on the positional control of Ge and the electrical dopants
in Si at the atomic level. Devices are being fabricated at NRL which will examine the
quantum transport behavior using SiGe materials. This will provide additional
information about the band structure of the materials in these devices. This
introduces many research issues not being addressed at this time. NRL is the only DOD
laboratory investigating tbe MBE growth of Si, .xGem

There appears to be a growing recognition at NRL of the importance of
carefully characterized materials as a basis for the numerous subsequent activities
associated with film growth, in particular. The complexities of how beterojunction
materials grow and are characterized requires advanced instrumentation and
techniques which are major undertakings. NRL may in fact establisb a niche for
itself if it can grow truly smooth surfaces. Some characterization techniques such as
photoluminescence suggests that NRL bas grown the best GaAs/AIGaAs in the world 16.
Increased emphasis and care seems appropriate in this area of research at NRL.

Growth of Ga.61n,4Sb/InAs superlattice material in the Epi-Center represents a
current NRL effort to make narrow band gap materials through sophisticated band
gap engineering. By making the layers some 25A apart, the correct energy gap
configuration is calculated to give important materials for narrow band gap
f+PP1lcatiOnS in IR detectors. Good material growth and characterization appear to be
Important problems to be overcome to make this effort successful.

One of the efforts utilizing the Epi-Center is the fabrication and
characterization of an AISb/InAs/AISb heterostructure in which the InAs is some
150A in tilmensions. The carrier mobility for the InAs layer in this material bas been
observed to be 250,000 cm2/volt-sec at cryogenic temperatures and 20,000 cm2/v 01t -s ec
at room T. This behavior suggests interesting high frequency applications if such
materials can be fabricated into appropriate devices.

16 D. Gammon, B. V. Shanabrook, and D. S . Katzer, Phys . Rev. Lett. 67,
1547 (1991) .
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~ (me f=$o

By t%cussing an electron beam onto a metaiiic surface. sputtering *rid/or
cvapemtimr takes place, depositing a film of the rrmtai mi an adjacent surface. This
method ia used to produce amrnicail y thin films of magnetic materials.

~ (Code 4~7r3)

The technique of pulsed laser deposition (or iaser ablatirm) pmdtmes friglr
quality fihns. This is particularity usefui for tire production of ir@r ternpemttrre
srrjrerccmduccor rnateriak arrd films deprrsimd by PLD have been psfterned Ior
microwave delay tines arid other device applications. High qrrality fihns of
fermeiectrics (useful for optoelectronic applications and non-volatile memory) and
ferrites (microwave appiicstimrs) have been deposited. These are patterned by
modifications of conventional processing techniques and should be applicable to a
variety of devices based mr narrotecirnoIogy.

~ <Codes 610G 68QQ)

The CVII technique represents a successful approaeb to depositing metallic
and/or armriwrnducting films on a surface. The technique is finding wide-spread
acceptance in industry.

w

MU. is pursuing irmovative opportunities with C%ZS in novei situations. FQr
example, by derxrmpcrs;ng
metallic precursors
rrrider threshold
conditions at very low
pressures, it is found that
highly pure 50 nm
layers of p~atinum can
be piated on siiirmn
patterrts~ q. By
subsequent irm-assisted etcK~ng of these layers using vertically oriented ion beams, 5fJ
nm wails remain. The dimensions have been recently reduced to 35 nm. arid further
reductions in dimensions appear possible. The ver~icai conrpmrents of the original
pattern becmne fdgh resolution patterns for applications such as field emitter arrays,
etch masks, X–ray masks, quantum wires, and diffraction gratings. Tids study is part
of the Nanoekctmrrics ARI at NRL.

17 D. S. Y. Hsu, 50 nnrlinewidth plat inuresidewall lithography by
effusive-source rrrstalprecursor chemical deposit iorraridion-assisted etctring,
Appl. Phys. Lett. 59, 2192-2194 (1991).
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~ (code 631XJ)

Metals, alIoys, and ceramics have been made for decades for mechanical
applications in which increased strength has been the goal.
been described by Ayersl 8 in a recent review of the subject.
follows:

TYPICAL S ZESI
Melt fragmentation

Gas atomization -lop
L]quid atomization -lop

These techniques have
His categorization is as

CGwm

Non-spherical
particles

Centrifugal processes l-sop
Emulsification >1~
EHD atomization - > 500 nm
Electrical Discharge > 2.5 nm

Fragmentation of solids 10 y (or less)
Transformation of solids > 500 nm
Precipitation from condensed phases

Precipitation from liquids -1~
Precipitation from solids

Most particles of
micron size

Difficulties in
separating powder
from solid

Condensation from vapors
Physical vapor condensation 10 - 1000 nm
Chemical vapor condensation > 100 nm

The tabulation of techniques is convenient as an indicator of the variety of
approaches which can be utilized in fabricating nanometer-sized particles. NRL
programa include a majority of the methods mentioned above.

Electronic chips are currently mass produced by using optical lithographic
techniques. These techniques allow the production of many circuits in parallel, but
the resolution is limited by the diffraction limit of light. There are several promising
higher-resolution litbograpbic technologies under development, for the fabrication
of nanostructures, including focrrssed ion beams, scanning X-Rays, and scanning
tunneIing lithography 9. Electron beam lithography is the most frequently utilized
for fabricating single structures, but has the drawback that each device or structure

1s J. D. Ayers, Fine Particles, Elliott Symposium Proceedings, pg. 273
(1990).

19 D. R. Allee, A. N. Broers, and R. F. W. Pease, Limits of Nano-Gate

Fabrication, Proc. IEEE 79, 1093-1105 (1991).
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ntw! be fabricated aeriaiiy (i.e., nnt in paraflel). Scanning tmrrwling microscopy iras
the pote.ntiai rermkrtimr equal t~ or greater thafi that of eIectrmr beam lithography.
L?rztalignment and registratimr problems must be resol+wd. The means by which these
techniques mmid be used for parallel production of devices is not yet clear.

Electron bean? lithography is treed m produce high quality fdgfr resohttion
images. Tfre.se images are currentfy limited to serial production (i.e., one at a time) of
each line in the image. hence the. process is S1OW to produce a complex pattern

..in~oiv.ing ...mUIiom --of -gates. .M .~s utilized in marrufacturi~g primarijy to p@~ce the
masks used in processes whkh irrvolve paraik+ production of the muhiple feitwes ‘k””
a digital image.

The limits of fabricating gates has been explored irt recent articlest~.~~~i.
Stanford has fabricated gate iengths down to 65 nm. and are entering into consortia to
fabricate modulation doped field effect transistors {MOfXF,Ts} with gate lengths rfmvrr
to ‘20nm.

Scanning Ejectrorr Beam Lithography (SEBL) is the mom wideiy used high
resohstion Mhographic technique for serial production. The rescdution of advanced e-
bearn Lithography toois is not simply the spot sise of the focused beam. Electron
scatteringirtthe resistarrd from the substrateexposes the resistover a greater area
than the beam 8pot size, Correcting for these effects (where possible) is
cemfrrmationaIl y intensive and time consuming. A particular problem is
compensating for overexposure by backscattered electrons durirrg exposure af
adjacent parts of the iithograpfric pattern {proximity effects). The push to srna!ier
dimensions ia concentrated on controlling and understanding these pftenontena
rather than focrmsirrg to a smaller spot. Current wisdom suggests that increasing the
energy of the electron beam wil~ provide significant advances. Tfds reduces
scattering in the resist and creates a more diffuse fog of backscattered electrmrs frmtt
the substrate, However, correction for proximity effects remains a significant
problem particularly for mask making. Current state of the art tools employ voltages
up to 100 Iclr and are necessarily complex and expensive, costirtg ever $2M. Art
alternate approach pursued by several groups (rrokably at NRL and Stanford
University) ia to go to extremely low energies at which scattering effects are
eliminated or spatially confined. 1S nm is about the limit possible irr an organic resist
such as Poi ymetiyl-Metiac~ iate (PMMA) on a bulk substrate. This Iimii is due to the
zar+ge d .-b-w energy ..aecondary elec&mrs, backscatteri~g and tire finite size of resist
polymer moiemrles and can be achieved if the beam has a spot size rnrreh less tWr ““18
nm. Such results are iypically achieved in very high voltage (>300 kV} converted
STEMS.

~o H. Ahmed, Nanostructure Fabrication, Proc. IEEE 79, 1140 (2991).

21 =. ~, ~. Ma=rian, E. A. Dobisz, and M. C. Peckerar, Narmstructure
Patterning. Proc. IEEE 79, 1149-1158 (1991).
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MEL

NRL has some state-of-the-art facilities in electron beam lithography. The JEOL
“ncmowriter” is capable of focussing an 80A beam onto a surface. A resolution of
some 250A has been demonstrated with this instrument with the resist PMMA. Using
other more technologically useful resists, inferior resolution is obtained. Recent
work at NRL suggests that this is related to the problem of backscattered electrons
from the substrate exposing the resist away from the area of impact of the primary
beam.

An NRL discovery which significantly
improves the resolution of a state of the art
negative e-beam resist has recently been
recognized22. This is. illustrated in the
accompanying figure. A thin dielectric layer
between the semiconductor and resist has been
found to both reduce minimum feature size and
proximity effects. It is believed that charge builds
up so the dielectric layer presents a potential
barrier preventing low energy backscattered
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electrons from exposing the resist. This I
. I

technique has important applications in both
direct write and mask making e-beam lithography as it can be used on bulk substrates.

There are some efforts to introduce projection E-beam lithography for electron
imaging of an image. This would have the advantage that the pattern could be written
in parallel (rather than serial) form. The technique actually focusses the image of an
electron beam which has passed through a mask. At present, researchers in this field
have not demonstrated much less than 1 micron resolution, indicating some progress,
but not sufficient to start a revolutionary movement in that direction.

Another aspect of lithography is that of transferring the pattern created in the
resist to the substrate. Techniques such as ion etching or compositional mixing are
areas of study at NRL. Emphasis is on the mechanisms of the patterning process,
inherent resolution and electronic damage caused by energetic ion etches.

NRL Code 6090 has found that some electroless deposition processes in solution,
used for the formation of thin metal films on surfaces, were sensitive to light
exposure. This provides a useful procedure for fabricating high-resolution patterns
of metaI on silicon or other semiconducting material. A variety of metals and
sensitive molecular structures have been utilized for this surface-sensitized
patterning. This process has reached the stage of demonstrating 0.3 p resolution, and
is the subject of a Cooperative R&D Agreement with industrial firms. Beyond this

22 E.A. Dobisz and C.R.K. Marrian, to be publisbed, J. Vat. Sci.
Technol. B 9 Nov/Dec 1991; also, K.W. Rhee, A.C. Ting, L.M. Shirey, K.W.
Foster, J.M. Andrews, and M.C. Peckerar, ibid) .
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appiicatimt fOr Sernicmuhwtor fmtteming, the sensitivity of proteins m radiation has
been rmted, particularly when the protein contains an S-H group. The proteins are
released front a drernisorbed surface wfren irradiated, leaving a surface whkft does
not attract further proteins, The proteins remaining on tire surface retain their
functional capability. Hence, the possibility exists of fabricating sensors antfior
transducers wldch will convert molecular events to electronic signais for a variety of
sensors, including array detectors.

2- f)PT1~

The cornrnon technique for lithographic reproduction of images is that of
optical lithography, with wavelengths down to 250 rrm have beetr introdttced more
recently in order to obtain the higher resolution inherent in the shorter waveterigth.
The ierrn ~optical Lithography’”) seems to be reserved to techniques uliiizing
wavelengths longer than 250 nm.

Phase shift li~hography is a relatively new idea which offers tfte promise of
better rcaoiution. With phase shift Iithogmphic techniques, “I-Line” techniques have
been utilized today to prodnce MESFETS with 0.22 micron resolution on 3- wafers23.

P lJV LXTffO~

The terminology of “deep UV lithography” appears to be resemed 10
Iitltographk techniques in which tire wavelength of the exposing radiation is less
than 250 nrn. This represents one very important potentiaI d~re~ti~n for
rwtoelectronic fabrication, arid as a minimum represents the near-term dkeciimr h
indttstriai productiort processes.

4. X-RAY LITHOGRAPHY

TWs form of lithography is gaining a large amotmt of attention for relatively
near-term preductiorr of htgher-resolution patterns on semiconductors. The
mirtimum resolution for lines from an exposed resist is approximately

wftere 2- is the exposure wavelength and s is the dimension of the resist. With e resist
of 0.1 micron and a wavelength of 1(1~, 100~ iines can he expected. Tfris has pointed
the dire&tion for some very substantial programs. Typic aI are the fo!lowing
approximate figures:

23 GaA5 IC SP~Sium, Monterey, California, 20-23 October 1991. pg.

2%1.
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DARPA $60 M/yr
IBM $60 Mlyr
Bell Labs $10 M/yr
Motorola $20 M/yr
Cypress Semi $2.5 M/yr

A primary limitation in X-Ray lithography is the lack of a good mask materiaI.
Materials such as siIicoo, silicon carbide, or diamond continue to be explored.

IBM, Fishkill, N.Y. expects to be the first plant to produce products from X-Ray
lithographic methods. Their gnal is 0.25 micron components utilizing 8A X-Rays.
They. are using gold on silicnnmasks. This is sufficient to make a 256 Mbit DRAM.

NRL

NRL has had a substantial program in X-Ray lithography for a number of years.
Seminal papers and patents were issued more than a decade agoz 4,25. The
Memorandum Report contains a number of relevant papers on the subject of X-Ray
lithography. The focus of much of this work was on a critical comparison of varioua
sources of X-Rays, the use nf point sources of X-Rays from laser-generated plaamaa, as
well aa the limits expected from the use of these techniques.

s. TOP SUR FACE IMAGINQ

This term is reserved for Iithograpbic image fnrmation in which the exposing
radiation interacts with a thin layer of material at the surface of that which is to be
etched or patterned. Exposure by the radiation sensitizes the layer to subsequent
processes which serve to differentiate the chemical behavinr to the expnsed and
unexposed regions. The thickness of the resist is not a limiting factor to the resolution
achieved. However, subsequent processing methods may well limit tbe resolution,
thus it must be combined with the appropriate processing technique. The
lithographic technique mentioned in the subsequent section (in this chapter) on self-
assembly ia a top surface imaging technique. Other top-surface imaging techniques
utilize resists having thicknesses of a micron, resulting in differentiation nf the
exposed resist through development or further processing.

The use of resists for the above-mentioned expnsure methods is critical. The
popular PMMA is a resist having good sensitivity; its characteristics are understood
through many years of experimentation and utility. In general, the higher

24 R. R. Whitlock, X-Ray Lithography Research: A Collection of NRL

Contributions, NRL Memorandum Report 5731, August 24, 1987.

25 D. J. Nagel and M. C. Peckerar, Pulsed X-Ray Lithography, U. S .
Patent No. 4,184,078, Jan. 15, 1980.
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3%% in the visibie rr+resertts rippmxirrwe}y 0.5 micrj~;l~y;~~~g~e~y%
a resist, the more grmndar the image fmnred.

TMs is a nrrrniwd exposure ievel for moderately polymerized PMMA. in fact, as a
general nde of thumb for most resists, it is desirable to be abie to expose about 104 ~2
with the incidence of one photon, electron or ion. If a gramdarity of dimensions
smaller than 100 ~ is desired, less sensitive resists wiil be a rtecessity. Since a nominal
rnoiectde dhnension covers approximately 10 Az, 41amPiification factors-’ of IWO are
commonly expected.

Micromachining has become a field of growing interest during the lam several
years. AMmugh the field is not, at the present time, producing components wbiclr are
nanometer in dimension, (.5-100 microns is more typical) these efforts represent a
frontier for miniaturization processes for the design of mechanical systems. For that
reasort, some mention of the micromachining siate-of-ihe-art is included in this
document.

Mlcramachining has been stimulated witlr two notable advances in the ‘SOS:

1) In 1983. the developrnerrt of a sacrificial Iayer of poiysiiicorr enabled parts
which were micromachined to be iifted from the substrate through a Itydraaine
etch. This allowed researchers 10 make parts W assembled after etch ~ormtttion.

2) In 198&, the development of the eiectrnstatic motor introduced the source for
mechanic al motion of gears and rotational motion. The electrostatic motor is
possib[e due to the breakdown behavior of air, which is increasingly more
stabie to breakdown over dWances smaII relative to the mean free path of gas
moiectdes (the Paschen Curve). The consequence of this is that idgiter electric
fields can be utilized for the armature of micromachines, and tbe forces
associated with these fields become greater than the magnetic ti!polar sottrrm
typically used for larger electric motors.

A number of imaginative micron-sized mechanical devices have been made in
atiempts to demonstrate tbe fabrication capabilities and potential utility of such srnai!
mechanical devices. One such exampiez~ constructs interlocking gears whicir have
axles only 8 microns in dimensions.

M*cro-EiatroMechanicai Systems (MEMS) represent a relatively new world of
machining and miniature systenrsz~. Components {gears, motor armatures, membrane

26 Dawn of a micromachine age?, Science, 2S3. 143 (19911 . 1+.Guckel ,

is the technologist referred to in this clipping.

2? R. T. !-iowe,R. S. Huller, K. J. Gabriel, and E. S. ti.Trimmer.

-Siliccmnricrmnechanics: sensors and actuators cm a chip, IEEE Speetrmn, pg. 29-

35 {1990).
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pumps, etc.) sre typicslly made with dimensions approaching 3-
5 microns in thickness, and 5-100 microns in lateral
dimensions. These motnrs have operated at 15,000 rpm for
periods of seven days straight. Forces developed have been
about 10-5 ntn-m of torque,which is sufficient to overcome the
frictional resistance. A process technology called LIGA
(LIthografie, Galvanoformung, Abformung) utilizes X-Ray
lithography and very thick resists to fabricate silicon
components having 80-100 microns thickness.

A recent meeting of the Materials Research Society
included mention of a new and novel motor drive for
micromachines. A ferroelectric lead zircnnate-titanate film on silicon river a
diaphragm is used to drive a traveling surface flexure wave which, through friction
contact with a micro-gear, - drives the gearzs. This micromotor is reportedly about 1
mm in diameter, and has the advantage of providing significant force as a driver for
micro-robots.

Resonant structure motors have been made which oscillate at several hundred
kilohertz (there is one which reputedly operates at 1 MHz at Berkeley). With sparsely
arranged anchor points cnnnected by springs to the rest of the device, the
interdigitated comb capacitors (or Multiple-Interleaved-Plane Actuators, MIPA) are
charged to provide the displacement forces. The device rides on a cushion of air.
Such devices, at pennies apiece, have shown to be high performance inexpensive
accelerometers, and are being introduced into air bag ejection controls for American
automobiles.

By making use of the variable etch rate of the various planes of silicon tn
different processes, precisely defined planes at angles along crystal faces can be
machined, providing the means of fabricating groves and cavities in silicon crystals.

One aspect of micromachines which will need examination is the tribological
aspects of friction and wear at such small dimensions. It will bc difficult if tbe
materials rubbing together are the same material, which is the case in micromachines
envisioned today.

Within the concept of micromachines is that of molecular machines. The
concept that molecular constructs may be designed to perform specific functions has
stimulated considerable speculation and frontier research activity in the biological
world. Examples nf molecular machines which have evolved from nature include the
flagella which propel bacteria. Modification of the DNA of such species already has
demonstrated the ability to control the “clock rate” or sense of rotation of these
flagella.

2s Inside R&D, 20 (51), December 18, 1991. This was accomplished at
M. I.T. by A. M. Flynn, A.I. Laboratory.
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il. km Beam Assisted Deposition (IBAD) [rlrde 467Q)

NRL has made a number of Rugace filters (sirmsrridal variaikmr in compoaifimt
river about 1000~ repetition distances) utilizing this technique. Recently X-Ray
mirrors have been fabricated having 25A layers of SiN (Si/Si~N4) with 200 pairs of
iayrrs nf this material. The thecrretical reflectivity of tfris material shotrld be 9%,
however due m imperfections and density variations the measured peak reflectivity is
mrrrently about 1% (wKich is stiH better than the commercial SiN reflectors). Maslra
for X-ray lithography have also been deposited by WAD. IRgh current derxsi!y
cmrtacts for GaAs deposited by IBAD are being stu&led for laser triggered swi!cir
applications.

f?. Irm Beam Etching

Ion beam etching using ECR
substrates m.ed in microelectronics.

(Code 4670)

is being studied

c. Focwssed Ion Beam Milling {Code

A fieItl emission tio whicir has been wet with

for dry etching of a variety of

6345)

iiquid gadoiinium emits g strong
beam of mdolinimn ions whch can be fourssed to soot si~ on- the order of 400~. Th~.. .
device has been set up at IWW, and is capabie - of milling fairly small rratterns ran
semiconductor substrates. Currently vibrational effects on the order of
the usefulness of the device. but plans are being made to transfer it to
mounting in a chamber in the NRL Epi-Center,

1 micron limit
a vibration-free

as a tooi forThe scanning tunneIing microscope (STM) first achieved renown
imaging the atomic configuration of a surface.
R was soon realized that the technology couid
be used to form a spatially confined iow energy
eicctmn beam. Such an approach overcomes
the probkns associated with focussing low
energy eiectroris with conventional electron
optical lenses.

m

‘
Low voltage (15-5f3 V) e-beam .’

lithography in practicai resist materials has .“ , ‘.
.’ .’ , ‘. “.

been demonstrated witfr STM-type instruments .“ ,, ~....: ., “.
operating in a “field emission” mode by
researchers at IBM, NRL and Stanford
University. The NRL group report that patterns have been writlen showing 23 nm
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features in the developed resist29,30. Interestingly this is over four times smaller than
can be written, on the same substrate in the same resist, with a tightly focused 50 kV e-
beam31. In this mode, feature size is maintained regardless of pattern geometry
indicating an absence of proximity effects. IBM has reported an “STM controlled field
emission tip32° operating at tbe low-keV energy range. This system has resolution
limits of a scanning electron microscope (SEM). Clearly these results indicate ultra-
IOW voltage lithography can overcome the problems of electron scattering.
Furthermore, the resist patterns are sufficiently robust to be transferred into the
underlying semiconductor by wet or dry etching showing the technique has
technological interest.

The latent image of an e-beam lithographic pattern in an undeveloped
polydiacetylene resist (P4BCMU) has been observed with an STM29. This was the first
high resolution observation nf the latent image and demonstrated that tbe resolution
observed in the resist was related to the exposure process rather than the development
step, i.e., the latent image was close to the width of the developed resist line.
Subsequently researchers at Stanford University have used an AFM to observe the
expoaurc due to backscattered electrons in a latent image in PMMA.

Another intriguing Iitbographic application of the STM is the selective
oxidation of Si and GaAs. Patterns can be written directly onto suitable prepared

Z9 C. R. K. Marrian, E. A. Dobisz, and R. J. COlton, Lithographic

studies of an e-beam resist in a vacuum scanning tunneling microscope, J.
Vat. Sci. Technol. A 8, 3563-3569 (1990) .

30 C. R. K. Marrian, and R. J. Colton, Low-voltage electron beam
lithography with a scanning tunneling microscope, Appl. Phys. Lett . 56, 755-
757 (1990) .

31 E.A. DObisz and C-R.K. Marrian, APP1. phys. Lett. 58 (22), 2526
(1991).

32 T. H. P. Chang, D. P. Kernr and M. A. McCord, Electron optical
performance of a scanning tunneling microscope controlled field emission
microlens system, J. Vat. Sci. Technol. V7, 1855-1861 (1989).
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srrrfsces whiefr me robust errmrgir to withstarrd dry etchir@ 3.34. This type of
Iittrrrgrsphy can be performed irr air and is atr example of chemically mcrdifyhrg
materials selectively rnrder the action of the STM tip.

A great virtue of ttre STM based tecfmique for creating a spatiaiiy mmtfirx%l m
beam is its simplicity. Lcrw vfritages are employed and the STM desigrr is necessarily
compact. In cmitrsst. high voltage eiectrmr trpiic columns for lithography teds are
more complex and have greater rdiability and maintenance problems associated with
their operation at 100 kV or higher.

The STM has also been used to mo&fy surfaces direet!y. 20 am features trave
been created while etctring CkAs in solutions 5. The rnehing of conductive glasses
under the action of an STM tip has produced high resniutiorr features36. Cherniexd
modification of a Ag@e film has produced lft nm lines 37. Field induced diffusion ef Cs
on GaAs at room temperature has produced areas of high C% umeerumtion of 1-M rmt
sizess.

Recent chemical vapor decomposition of trimethylaluminum at 10-4 Terr have

33 J. A. nagata, J. Schneir, H. ti.Harary. C. J. Evan?.,M. T. postek)

and J. Bennett. Mrsdification of hydrogen-pass ivated silicon by a scanning
tunneling microscope operating in air, APP1. Phys. Lett. 56, ZODI-2004
(1990) .

34 J. Ii.Dagata. W. Tseng. J. Bennett. C. J. Evans, J. Sctmeir, and H.
H. tiarary, Selective-area epitaxial growth of gallium arsenide on silicori
substrates patterned using a scanning tunneling microscope opsratirq in air,
r!ppl. Et3ys. Lett. 57. 2437-2439 {1990) .

3S L. A. I?agaharar T. Thundat, and s. M. Lindsay, Narmlithography on
semiconductor surfaces under an etching solution. Appl. Phys. Lett. 5?. 2?O-
272 .!1990).

36 U. ~$--auf.a=, L. scandella, H. Rudin, H .-J. Guntherodt, and l?.GarCia.

Tailoring narmst ructures with a scanning tunneling microacops, J. Vac. .3Ci.
Tedmol. B 9, 1369-1393 {1991) .

37 Y. r3tsugi, Iianometer-scale chsrnicalnmdif ication using a scanning
turmelling microscope, Nature 347. 747-749 {1990) .

3s L. J. Whitmrm, J. A. Stroscio, R. A. Dra90aet, and R. J. ee~ntta+
Manipulation of Adsorbsd Atoms and C.rea.t ion of New structures on 3toom-
Temperature Surfaces with a Scanning ‘Tunneling Microscope. Science 251, 1206-
121t3 (1991).
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produced 1 nm structures on graph iteqg. Laser irradiation of the region near the
tunneling tip enhancea the aluminum deposition’to (NOTE this work was supported by
NRL).

Perhaps some of the mnst striking recent experiments have appeared by
researchers at IBM, who have successfully trapped a single xenon atom between a
surface and a tunneling tip’tl to make a “switch” by alternating the voltage and hence
the position of the xenon atom between tip and surface. Th]s single-atom memory is
far from a practical device, however it illustrates the potential information density of
many orders of magnitude beyond current atate-of-the-art commercial digital devices.

One of the more interesting observations made recently by using the Ballistic
Electron Emission Microscopy (BEEM) is that electrons from a tunneling tip having
energies of only 2-3 volts can modify the lattice structure of materials’tz. The
mechanism is not clearly. understood, however hypotheses suggest that an ion
resulting from a low energy electron beam is not stable in the lattice of neutral atoms.
It migratea to a position of new stability in a time short relative to the time required
for re-establishment of electrical neutrality. The resultant dislocation is registered as
a materials modification.

It is clear today that tunneling techniques represent a powerful tool for
exposing surfaces and resists, both alone and in the synergistic way with light, as well
as for moving atomic and cluster structures on a surface. The number of potential
oPPomunitiea for scientific discovery involving phenomena and devices appears to be
large.

Aa electrode dimensions become smaller, they approach the size of tunneling
tip probes. There is little distinction between electrochemistry at these dimensions
and the usual deposition processes utilizing tunneling tips. Electrochemical aspects at
nanometer dimensions are gaining attention as structures built through
electrochemical processes approach nanometer dimensions.

39 S.-T. Yau, D. Saltzr A. Wriekat, and M. H. Nayfeh, Nanrrfabrication
with a scanning tunneling microscope, J. Appl. Phys. 69, 2970 (1991).

41J S.-T. Yau, D. Saltz, and M. H.
laser fabrication of nanostructures, J.
(1991) .

41 D. M. Eigle, C. P. Lutz,
the Scanning Tunneling Microscope,

42 R. A. Buhrman, School of

University; Private communication.

W. E.

Nayfeh, Scanning tunneling microscope -
Vat. Sci. Technol. B 9, 1371-1375

Rudge, An Atomic Switch Realized with
Nature, 352, 600-603 (1991).

Applied and Engineering Physics, Cornell
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fitwtl}
(upward engineering) (Code

The term ‘stdf assembly” became popular as -a memts of achiewing
rranrrstrrmtures daring the last decade. It involves the rratural t+twactkmr be!ween
atoms and molecules to form small structures. In many respects, the same forces are
responsible for condensed phases and crystallizatimr of atomic and moiec!rtar
arrbatances, However, the process of self-assembly does not in generai refer to the
great preponderrmce of condensed phase formation. Rather, it is reserved for the
formatiorr of nmro- or sub-micron structures width consist of an assemblage of atmma
or mokctdes in rather urrirpre structures. Several atoms or rnoiecnies make up such a
structure.

There are numerous examples of lrirge biological molecules which bind to one
another (antibody - antigen interactions, for example). Medical and/or biological
aPPiicatiorts of such nanometer structures are riot considered to be part of tire
defirrition covered here. Some programs in the chemical and biological cornrnunitiea
deal with the formatiorr of narrometer-scaIe geometric stromrres. Sorue of these
structures are envisioned for use due to unique material properties. and could
stimulate the attention of groups interested in materiais properties. It is conceivable
tlrat ordered nanoelectronic systems of the future could derive fmnr self-asaembled
arraya. This could be a cost-effective means of creating nanometer structures. The
speed and reiiabllity of such systems remain to be demonstrated.

One aspect of self-assembly is pursued with tire turrneling tip phenomenon <#r
small-scale electrochemistry), It has beeu noted that defects prepared
ekxmcrchernically move around orr a surface. By probing these defects with eiemrodes
they may be made to move, concentrate, or “seIf-aasemble.”

The corwefrt of “molecular machining” seems to be gaining some atterttion. In
MS concept, the direct interaction of chemicai species on a proximai probe with a
surface is used to form and break bonds, with the idea of shaping the surface @
melee.ulea) wbicir are interacting. Although this idea is somewhat futuristic in
nature, it aeema to have generated considerable attention.

The term “Molecular Electronics” was coined when the concept of aeif-
aaaembly became associated with the very futuristic concept of fabricating logicai
computing elements, The section on molecular electronics is irrciuded irere under
“fabrication” due to the fact that the majority of efforts re!ated to this today tend to be
reiated to the fabricaiiorr aspect of nanoscierwe. A coupie of quotes teiI the story

“In the period 1983 - 1984, some unscientific proposals
about self-assembhrg biological ‘computers’; (’biochips’)
received unfortunate, undeserved and mrcriticrd worid-
wide media attention; the critical reaction to such
exaggerations almost drowned, in the ocean of righteous
disbeiief, the infant field of [Molecular Electronics - ME] ! A
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very sobering note outlined what technical
accomplishments were still neededd 3. Since then, more
conservative chemists, physicists, and materials scientists
have broadened the definition of ME, relrrbelled some of
their research areas as ME, and thus have given ME its
present nascent respectability.”d ‘t

Moore’s Law states that the circuit density increases by a factor of four every
two yeara. This has been true since early 1960’s.

“By simple extrapolation it will take approximately two
decades for electronic switches to be reduced to molecular
dimensions. The impact of molecular biology and genetic
engineering has thus provided a stimulus to attempt to
engineer upwards, starting with the concept that single
molecules, each acting as an electronic device in their own
right, might be assembled using biotechnology, to form
molecular electronic devices (MEDs) or even biochip
computers (BCCS).”4

“The enzymatic reactions of DNA replication, transcription
and translation in biological systems, appear to be nature’s
closest apprnacb to the elements of computing and dissipate
energy amounting to 10-100 kT per primitive step, which
compares very favorably with the 1010 kT per ‘equivalent’
programming step in a transistor-based computer: it is the
heat dissipation problem which will limit the ultimate micro-
miniaturization based nn conventional technology (Bennett
1982, Feynman 1985).”

“Self-assembly has crime to be regarded as a compelling if
not the logical solution tn the fundamental prnblem in
moIecular electronics of how to fabricate circuitry molecule-
by-molecule. ”ds

IwL

43 R. C. Haddon, A. C. Larnola, Proc. Natl. Acad. Sci. U.S., 82, 1874
(1985) .

44 R. M. Metzger, and C. A. Panetta, New J. Chem. 15, 209-221 (1991) .
The Quest for Unimolecular Devices.

45 J. S. Lindsey, Self-Assembly in Synthetic Routes to Molecular
Devices. Biological Principles and Chemical Perspectives : A Review, New J.
Chem. 15, 153-180 (1991).

21



&i!! D FABR

Snitabie organic rnaierials, when applied to the surface of a mritabie fluid
{water being the most common], will spread out to form a monolayer. By coilectirtg
this monolayer on a plate, a reasonably
well-ordered nronoIayer of this organic
material may be coUected. ,h.p:::~
may be. repeated many times to form
rnarty Iayers, regularly spaced.
fiims may be characterized by X-ray
diffraction as well as with tunneling tip
techniques. By utilizing ferroelectric uolyrners in this process, it is anticipated that
the fe_rroelectri~ transiti~n temoeratum - m~v be tuned t; be near room temperature.
This should give films which ~rc highly ~nsitive to therrmd changes due to ~bsorbed
fR radiation, with the goal of fabricating sensitive pyroeiectric sensors.

The formation of .tubuk.s from the natrmal
attraction of lipid moiecuies has been purmed for
severai years at NRL. These tubules have d]ameters
ranging from ,05 p to 3 g. They form a template for a
rnetaf coatirtg process, hence the tubule may be made of
organic or metallic maierials. The metalIic coatings
have been found to be somewhat iess (factor of 10)
conductive than the bulk counterparts. They have
beert envisioned for a number of potcntiai applications,
includhtg inclusion in composites (for strengtfr and
dielectric properties), as a tnicroencapsrdaiing medium for controlled reiease
(envisioned in a possible ship hull coaiing material), and for coid cathodes ftbe high
curvature rrf the small structure provides h~gh electric fields and efficient electron
emiaaion).

An NRL ARI entitled “Molecular Engineering of (Bio)materials and Interfacesm
has been initiated on 1 October 1991. Progmmmatically, this research is in three
areas: I) 2-r~mensiona~ mokcuiar engineering. 2) nucleation on patterns. and ‘3)
rnriltilaycr structures.

1] 2-Dimensional molecular engineering Thk aspect of the ARI is to investigate
rnoiecuiar interactimrs with pboimts (lIV, X-Ray, etc.), electrons (beams.
ekctron ttmrteling tips), and atomic force microscopy. Patterns can be
introduced with such interactions. What can be done with sucfr interactions.
incioding resolutiorr of such patterns, how can they be characterized, and what
doca the patterning mean?

2) Nucleation on patterns: once the patterns are made, what can be placed ~
the patterns which can be of use for applications such as microlithography?
Past successes related 10 the microlitiography program in Code 6090 suggest
marry opportunities here. It wrndd be useftd to know how to taiior tbe
nettability of the surface.
{pioneered by Ciary Taylor at
advantageous for srnootb chip

Methods involving “’top surface imaging”
Bell Laboratories in the middie 19S0’s) are

surfaces artd fdgher resolution of the patterns
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produced. The objective here is to work out the chemistry for tools of the future
which may be of use in producing nano-patterns.

3) Multilayer atructurea: The approach envisioned to make multilayer
atructurea involves successive chemisorption on successive surface layers.
This approach ia favored over other physisorbed methods such as Langmuir-
Blodgett films due to the stability of the chemiaorbed species. Potential

appl~cations anticipated include structures for X-Ray optics, magnetic materiala,
nonhnear materials, etc.

A further project involves modification of the ideas derived from tunneling tip
phenomena. By fabricating a tunneling tip chemically bound to enzyme molecules, it
is anticipated that a tool for selectively creating highly localized chemical reactions
cart be devised aa the tip is dragged across a suitably prepared surface. The ability to
write patterns in molecular-based substrates is anticipated with such techniques.
Potential application in sensors or lithographic techniques is anticipated once the
chemistry associated with the many such variations is better understood.

The possibility of controlling neuron growth in selected patterns is of interest
here. Such techniques could be the genesis of building cells which have very selected
functions in a living organism (this potential application is some distance in the
future). This has shades of the “robot in the bloodstream.”

Cf)NDUCT w (Code 6870)

NIST baa formed quantum wirea of alkali metals formed as chaina on the surface
of semiconductors. Through proximal probes, it has been found thal the chaina are
not conducting. The atoms form in the template of the semiconducting substrate with
a spacing somewhat greater than in the metal. There appears to be no need of
utilizing a terrace for the formation of these alkali metal chains.

Certain aemiconducting compositions appear to solidify with self-assembled
structures. Materials containing Ga, In, As, and P simultaneously have produced
single atomic layers of the elements. InGaAs has produced nodules on the order of
100A in dimensions.

Clusters in inorganic/organic ions in solution can be prepared aa chemical
compounds. Subsequent decomposition can produce residues containing the
semiconductor atoms which were constituents in the ion structures.

NIW

Atomic terraces form along faces of crystalline materials which have been
fabricated with one face nearly parallel to a major crystalline plane. These atomic
stepa are favored for additional crystalline growth of either the same material or
material which is similar in
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behavior to the base rnateriaI. Tire formation of

atomic wires a~ong the 1ines where these atomic
steps ocerrr has been demonstrated. I?RL research
is being pursued irt preparirtg and
dtaracterizirtg such smwtures. LJCSB has a
snbalmrtiai program in this particular iine of
irweatigatimr also.

~ {Codes 6112, 6371) el,..
The formation of clusters involving

aggregates of a number of atoms or molecules is the focus of a
Core Program in Code 6100. hr some sense, the formation of
c!hrsters comes irr the category of self-assembly, however the
sirrrpIe process of crystallizatiorr is not usuafly associated with
the term “self-asaembl y.” The code 6300 group Iras strong
capabilities for making clusters through processes such as
laser ablation, and in characterizing them with severaI
different types of mass sfrectrometry. This technique can be
used as a probe to detect unusual species. As an example, the
existence of the currently exciting field of fullerenes was
initiated by the observatio~ of the ‘surprisingly stabie {magic nurnbera) C&# chrater in
masa speetrometry. Similar stability has been recently observed with Si4 s*. One
aspect of this cinater research at NRL wili continue to explore the vaatiy complex field
of permutations giving rise to chrster species. Silicon cm-bide cluatera have been of
interest recently due to evidence of the importance of chraier carbide species
affectirrg the performance of sificon devices. It has been hypothesized that tubules of
carbon with the basic outer structure of C~~ might be obtained through appropriate
syntheses. Such atrrtctures would have interesting conductive properties. both
regular and superconductivity.

The tools associated with cluster formation and measurements cordd be useful itt
characterizing properties of interest for both clusters and bulk samples. Tfte
chemical reactivity can provide important information about the structural isotopes
actuaHy obtained under seIected experimental conditions. Certain aspects of
pasaivatiorr can be observed by measuritrg tire chemical activity of siiicon chraters or
ftydrogenated aiiicort chwters.

More recent aspects of tire chrsters program are aimed at placing clusters on a
surface and characterizing them witIr some of the new tunneiing tools becoming
available. Techniques invoiving cluster scattering behavior from a artrface are also
of interest.

It would be useful in the future to devise synthetic techniques for producing
ckraters having a small range of sizes. CIuster synthesis for materials having
electronic applications should-
definite opportunity to combine

offer future opportuniti~s. There appeara to be a
the fieid of tunneli~g tips with that of chmera. Beit
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Laboratories have had such programs. The fullerenes offer a
oPponunities for studies; selected directions should be pursued here.

Elsewhere, it has been recently found (by John Weaver at the
that a condensed laver of Xe on a silicon surface can reduce the

vast number of

U. of Minnesota)
damaze done bv

clusters impinging o; a surface, providing superior films and interfaces.
.-- –..

NRL efforts examining the condensed product of argon-sputtered molybdenum
have produced surprise structures 6.47. The basic condensed unit of molybdenum
consists of relatively monodisperse 50A cubes. The surprise which was discovered at
NRL is that the basic cubes form larger aggregates involving largely eight and 27
units in the form of larger cubes, built up from the basic aggregates. Future
directions for this research include hopes of finding ways to scale up such processes,
and the consideration of making ordered arrays for electronic applications. Of course,
tbe mechanism by which these specific cluster formations appear is not understood,
and laya the path to interesting scientific questions.

~~ (Codes 4680, 6090, 6170, 6321, 6522, 6546)

It seems self explanatory that the introduction of materials into nanometer-
sized holes or orifices will produce nanometer-sized inclusions. This method actually
has attracted considerable attention in a couple of cases.

The use of zeolites for encapsulating samples is attractive due to the availability
of zeolite samples of varied chemical and structural composition. The zeolite structure
typically consists of channels having dimensions of
from 5-7A. Some newer synthetic zeolites have
channels as large as 25A. Type L zeolites contain
channels which are l-dimensional in nature
(straight). Other types of zeolites contain channels
which occupy 2- or 3-dimensions. The dimensionality
of intracrystalIine diffusion may, thus, be controlled.
Zeolites may be filled with metals and for
semiconductors as weI1 as various molecolar species.
and have been utiIized for such behavior in a number
of studies.

46 A. s. Eclelstein, G. M. Chow, E. I. Altman, R. J. Colton, and D. M.
Hwang, Self-Arrangement of Molybdenum particles into Cubes, Science 251, 1590

(1991) .

47 R. w. cahn, Minute Particulars, Nature 353, 208-209 (1991) .
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NRL effcrrts uiilizirrg the use of zeoiites include incorporating them iri
eleetwtdes, with consequent rocx%fication of the chemical reactirms associated with the
usual eiectrochemid transformmions4 8.

Ii is alao pnssibie to produce 10-100 nm holes in glass by mechanical drawirtg
and subsequent processing. These may be fiiied using chemical vapcn’ depfmitkm
techniques or other pro&edures to produce quantum wires in a weli-characterized
environment.

An interesting observation has recently been made at NRL on bismuth which
has been drawn into ultra-smaii capillaries g,s~ ~aykw wires). Through rdrservrdimta
which were made using the
synchrmron X-ray source at NSLS,
Brookhaverr, the

‘ma’lerw’R~

bismuth
forms in capillaries
(about] 700~ is in a new crystalline
form, not previously reported. TiIis
riew crystalline form may be due to “hoop siress” caused by the expansion of the
bisrnutfr upon solidification in the presence of the surrounding giass. No!ing that
high T. superconductivity has been predicted ~ in other materials when formed irr
fiIaments of this size, the potential superconducting properties of tbk new materiai
are being investigated.

A rsovei technique for producing nanoparticies by making use of seif-
aasembied rnoIectdar structures is taking place at NRL. h has beetr wet! known ilrai
iipids assemble into sub-micron spheres knowtr as veaicies. IJkewise, it has been
rew@zed that the staliiization of sub-micron particiea in a fluid (a ml) is frequently
inhibited by agglomeration of the particles. I@ preparing the basic partiries inside a
vesicle (by sonification and subsequent Mfusion of the reactants through tbe vesicle
wall, for example) the particles may be prepared with a coating wi-kh prevents

~a D. R. Rolison, Zeolite-Modif ied Elect rodes and Electrode-Modified
Zeolites. Chem. Rev. 90. 867-878 {1990).

50 E. F. Skelton. J. D. Ayers, S. s3. (@dri, t?. 1. Moulton, K. P.

Cooper, L. W. Finger, H. K. Mao, and Z. !3u.Sync+motron X-ray Diffraction frmu
a Microscopic Single Crystal Under Pressure, Science, 2?S3, 1123-1125 (19911.

51 Phys. Rev. 39, 4776 [1989) .
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agglomeration52. Sintering of the resultant material can give fairly pure products
with sub-micron particle sizes (40 nanometers has been demonstrated). Many
variations are possible and will be examined in this embryonic field. The question of
whether metals can be prepared in this manner is currently open to question.
Potential applications of materials prepared in this manner include the magnetic
recording iodustry and the preparation of small samples of composites for subsequent
testing of the properties.

Other NRL techniques have demonstrated the utility of preparing thin tubules
of diamond by a CVD process on metal wires. The NRL tubules prepared in this manner
are currently greater than micron dimensions, and the wall sizes have been prepsred
with 1 micron thickness. This technique is being explored for its limitations at the
present time. Ooe potential application which comes to mind is for sleeve bearings on
micromachines. The possibility of utilizing such structures for electronic devices or
cold cathode emission is being considered.

lCAL AND THER MAL P~JNG FOR STRUCTURAL MATERL4LS
(Code 6300)

A major area for the synthesis of nanometer-sized particles of metals and alloys
has been that of vapor condensation. Particle sizes of 10-30 nm is common from such
processes. The Japanese have done a great deal of work in this area. However little
seems to have emerged at the present time in the way of commercially-important
products from these techniques. Herbert Gleiter at tbe U. of Saarland, Germany, has
published a number of papera involving synthesis and measurements of the
mechanical properties of a number of such materials. “Remarkable” properties are
suggested for such properties involving diffusion, elastic modrdi, diffraction studies
(suggesting a greater degree of disorder than in an amorphous solid), ductiIity at low
temperatures for ceramics, etc.

A traditional approach, used for many years, to obtaining very small particle
sizes in metals is that of “dispersion strengthening” by “mechanical alloy ing.” Cold
working of, for example, nickel with 1-270 of thorium oxide (thoria) in a ball mill
produces very fine nickel grains. Controlled recrystallization results in larger grains
with thoria dispersed. This material is important for its higher strength.

Tungsten carbide has been produced for 50 years by introducing 5-20% cobalt
in fine carbide particles. The cobalt acts as a “cement.” Smaller carbide particle sizea
(10 microns; new materials today are emerging with I micron particle sizes) has more
recently resulted in higher performance materials used in cutting blades industrially.
A firm in New Jersey is currently attempting to develop materials using sub-micron
carbide particles produced by co-precipitation of the carbide precursor with cobalt.

There is reason to believe that the mechanical properties described above would
improve with still smaIIer particle sizes, however the problem of increased creep with

52 ~. Liur G. L. Graff, M. Sarikaya, and I. A. Aksay, Synthesis of
Ultrafine, Multicomponent particles using Phospholipid Vesicles, Preprint.
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these srnaI1 particie. sises suggests that there may be somewhat less utiIiiy of these
rnaieriais for high temperature applications.

Other techniques to prepare narroerysirdline metalssa with grain sizes of 1 to 30
nm include sputtering and rapid soIidlficatimr methods.

M. fmlw~

Composites cmrsis!ing crf nanometer-sized particles dispersed in a bkrder are
prepared in a great many ways. Metallic and cerumic composites are prepared using
techniques such as simple mixing of constituent materials, work hardening of
heterogeneorm mixtures, and co-precipitation. NRL has mmty programs associated
with these fabrication methods for preparing materials for structural appticr+tions.

NRL has also found -ways to prepare quantum dots of Cufl and CdS in glass,
ta~lng advantage of the exciton absorption in these sampies which reveal a narrow
resonance. in the infrared. The exciton species is present due to confinement effects
not evident irr the lruik strucwre of Ihese materials. Fabrication by usirrg a mtrtrekd
separation of phases through precipitatimr and annealing of a base gI ass sppears to
provide the necessary samples.

53 C. suryanarayana, and F. H. Frees, Nanocrystalline Metals: A ReVieW,

Physical Chemistry of Pow&r MetalS Production and Processing, St. Mary’s,
PA, 16-18 October, (1939).
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III. CHARACTERIZATION METHODS

A critical component in the development of new materials, characterization
takes manv forms for the uroDertv of interest. If these techniques can be utilized to. . . ..
watch th~ evolution of nano-properties as a function of t~me,
information may be obtained which could allaw additional control
resulting from such processes.

~ (Codes 4670. 6090)

then mechanistic
of the properties

A number of standard microscopic techniques are utilized routinely for
characterization of nanometer-scale materials, and need not be elaborated upon here.
These include Transmission Electran Microscopy (TEM), Scanning Electron
Microscopy (SEM), and Field-Ion Microscopy (FIM). Newer forms of microscopic
examination are becoming o! interest. Some comments regarding these follow.

l~XIMAL PROBES (Codes 4600, 6030, 6100, 6300, 6800)

A remarkable revolution is currently taking place with the developing
techniques involving scanning tunneling
microscopy (STM), atomic farce microscopy
(AFM), and the many variations associated with
these techniques. Atomic resolution was
initially demonstrated with the tunneling tip
by Binnig and Rohrer54, for which they were
awarded the Nobel Prize. This technique was

m

.
quickly picked up by the semiconductor ,“

,’ t ‘.
community, which utilized it to examine .“ .’ . , ‘. ‘.
surface reconstruction, defect formation, and .’ .’ ,’.’!! ., ‘. ‘.
varioua phenomena associated with
semiconductor growth and behavior, A
number of variations indicate its usefulness for characterization of magnetic effects
at surfaces.

Subsequently there has developed a high level of interest in areas associated
with molecular characterization (although this is still rudimentary and questionable
in a number of cases reported) and the characterization of surface forces at the atomic
and molecular leveI. This technique will probably lead to an understanding of energy
loss mechanisms for friction at the nanometer level. The technique has been ahown
to give atomic resolution of surfaces as probed from solution, placing it in the
category of being a surface probe able to characterize surfaces which are not
restrained to high vacuum conditions (relatively few techniques are able to probe
surfaces with atomic resolution at high pressures or in fluids). The dependence of the
tunneling current with voltage provides, under ideal circumstances, information
about the atomic species observed, thus enabling material identification at the atomic

54 G. Binnig and H. ROh~er, ~elv. phy~ . A.--a 55, 726 (1982) .
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Ievei for species rm a mrrfaee. It is clearly wsrifid for characterizing surface
trqrrrgrapfry at the namnmter m weH as tire angstrom level of resolution.

Trmm+ing tip methods of characterizing srrrfaces are bermning tmrnrnmr in all
the fields associated with nmmrneter structures. Its appearance is rningIing tfre
irtlerests of the various communities due m its broad applicability and the desire Or
researcfrers who have working instruments to apply their techniques to problems of
interest. Characterization of nanocomposite materials for structural purposes has not
embraced the ntnneiing tip methods as much as tire other areas Iargr4y due to the fact
that the crystal sizes making up smrrpies are still characterized by other standard
microscopic techniques.

A trend noted at the most recent internatiorwi conference on tunneling
techn@es is that the field seems to be bifurcating into 1) frmce microscopy, 2}
biologically interesting measurements, and 3) semiconductors and metals. Another
obr+ervatiorr offered is that the community utilizing these techniques is movi~g more
in the direction of characterizing dynamic effects,

A “coulrjmb blockade” is a phenomenon in which the presence of a singie
electron so disturbs the field leading to conduction that the passage of additimmf
electrons are inhibited, Tbk takes place, for example, when a capacitor is so small
that the vtrltage is significantly aItered by the addition of a singie eiecmrm, Electron
fIow through a conductor becomes correlated under these conditions. and “shtrt” rwise
ia less than the traditional value for a given current. Tunneling studies are
exarnirting ttits effect.

R is possible to utiiize a magnet at tbe tip trf a trurneling probe, and to measure
the current between magnetic domains and the magnetic tip. As the spin alignment
between strrface and tip changes, the mrrnelirrg current changea, thus providing
angstrom-dimensiorr resolutimr with these magnetic probes.

TmmeIing tip techniques are providing new insight to eiectrncfternical
pfmnomena. The structure of surfaces modified by current or other chemical means
haa been examined under a number of conditions. The
the solution composition, providing rich and Gompiex
understand.

Near field techniques fnr prrrbing srrrface
significant advances recently. R. Kopeimart~ ~ at the

surface behavior depends on
problems to examine and

structure have undergone
University of Mkhigan haa

de;eioped techniques using ‘micropipette; wfdeb are able to produce inner d~arnetcra
of less than 50 nm. Tiny rnrdecular crystals are inserted in the tip of this rnicropipette.
Light may be absorbed in a crystaI irr the form of excitons. This excited form d
energy can migrate to the end of a small crystai, producing a nanometer-dimensi~n
sotrree of light at the tip of the pipet. The spot size emerging from these devices is a

55 K. Liebexroen, S. Harush, F..Lewis, and Q..Kopehan, Science 247.
S9-60 ~1990) . A Light Source Smaller Than the Optics.1Wavelength.

30



111. CHARACTERIZE A TION METHODs

small fraction of a wavelength near the tip. Claims56 (as yet undemonstrated) suggest
hopes for molecular imaging with such probes. Other probes have utilized optical
fiber probes at a surface to sense the evanescent wave of light trapped in an
Attenuated Total Reflectance (ATR) experiment. By scanning the position of the fiber,
the intensity of the light coupled to the fiber variea with position, producing an image
of the surface. The limit of the resolution using this technique is a fraction of a
wavelength of the light used.

w

There ia an NRL ARI examining forces between functional groups on molecules.
This ARI entitled “Intermolecular & Surface Forces: Adhesion/Nanomechanics,”
focusaes on intermolecular and surface forces contributing to adhesion and other
dynamical interracial processes. The utilization of this tool for micromechanical
properties of materials has. been reviewed recently57 It is leading to atomistic models
for the mechanisms of adhesion, compression and fracture of surfaces5 ‘,59.

An NRL paper has recently appearedc o which shows clearly aligned molecules
of a nematic liquid crystal (4’-n-hexyl-4-cy anobiphenyl) on graphite. Atomic
featurea of the molecule on the surface can be observed in the images obtained in this
experiment.

The NRL Electronics Science and Technology Division is procuring equipment
whlcb will set up capabilities to utilize near field optical microscopy in the FY92 time
frame. The instrument will be able to examine absorption and luminescence by
species at a surface in the current configuration.

56 Chem. & Eng. News, p. 6, 8 January (1990). Technique generates
ultrathin light beams.

57 u. ~an~an, W. D. Luedtke, N. A. Burnham, and R. J. ColtOn,
Atonristic Mechanisms and Dynamics of Adhesion, Nanoindentation, and Fracture,
Science, 248, 454-461 (1990)

5s J. A. Harrison, D. W. Brenner, C. T. White, and R. J. ColtOn,
Atomistic mechanisms of adhesion and compression of diamond surfaces, Thin
Solid Films, 206, 213-219 (1991).

59 J. A. Harri.qonr C. T. White, R. J. COltOn, and D. W. Brenner,

Nanoscale Investigation of Indentation, Adhesion and Fracture of Diamond (111)
Surfaces, Surf. Sci. Lett. (in press), (Jan. 1991) .

60 S. L. Brandow, D. P. DiLella, R. J. ColtOn, and R. Shashidhar,
Evidence of pronounced positional order at the graphite-liquid crystal
interface of a bulk nenratic material, J. Vac. Sci. Technol. B 9 (2), 1115-
1118 (1991).
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Researchers irr Code 6030 have attempted measurements invnlving the surface
characterization of nearly amorphous materials such as quartz by using turrrselirtg
tecbniquea and Atomic f%rrce Microscopy (AFM). Restdfs to this date have rret slrevm
atmnic resrdntirm evert for crystalline quartz. In similar experiments, epitaxiat
siismond has been examined for etch pits produced isr the productiorr process. There
are additiorsal efforts to imafie trroteirr molecules in solution with tumreiing-.
tedrrtiques.

Indentation techniques have traditionally
been utilized to obtain the hardness of materials.
Witlr tunneling tip techniques, the penetration
depth may be meaaured directly and dynamically.
Energy Ioss cart be obtained by analyzing the
Irystcresis curve for the experiment. The
magnitude of the indentation is so small that
dklocations are not generated, so these experiments
measure the hardness of the ideal materiai. NRL
has introduced methods to nrobe the surface forces
associated with a airigie fi~m using these techniques 1. A major question which is
being asked today is: “What do these numbers reali y mean?”

By milizing a tunneling tip near a surface as a pltotovoltaic probe, it is possibte
to examine the material several layers beneath the surface {penetration depth of the
radiation). Tire technique utilizes suitably modulated and phase detected signaIs. NRL
experimerrts have demonstrated images of GaAs/AIGaAs muhilayer structures using
tlds technique.

An ONT 6.2 program involves umneiing techniques to measure magnetic fields.
A magnetometer can be designed in which a tunneiing tip is used to measure the
position of a torsion baiance. In one version of this magnetometer, the defkction ttf a
torsion bar which corrsists of a magnet changes with magnetic field, This technique
has been shown to have a sensitivity of detecting changes of 10-~ Gauss. A second
magnetometer has been designed to measure tbe Loren:z force with a tunneling tip,
measuring deflection in a wire through wKich crrrrent is passing. ‘Fhis effort is joiut
with the Jet Propulsion Laboratory (JPL).

Another 6.2 program at NRL is investigating the use of tunneling tip
technique8 to detect the presence of a single molectde which may be bnund to an
antigen. As such, it could possibly determine the presence of antibody-antigen pairs
and represents a basis for a sensor detecting singie mokcuic events for the adsorption
of Wlologically active gases {a CB Defense sensor).

61 N. A. Burnhmn, D. D. Dominguez, R. L. Mowery. and R. J. Coltorb
Probing the Surface Forces of Monolayer Films with an Atomic-Force Microscope,
Phys . Rev. Let.t. 64, 1931-1934 (19~~!.
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There are ideas of designing experiments using tunneling tip techniques to
examine clusters which have been formed or have been deposited on surfaces. These
are just beginning at NRL, and may require some equipment modification to locate
tunneling tip equipment adjacent or in vacuum chambers.

Standard X-Ray diffraction methods are still used to characterize grain or
particle size, and to gain some information about the atoms which are found at the
grain boundaries of multicrystalline materials.

Small angle neutron scattering is utiIized on bulk samples to determine
densities and grain bnundary thicknesses. NIST has such facilities, but NRL does not
make a great deal of use of this.

L NANODIMENSIONAL DIFFRACTION TE~ (Code 6030)

Code 6030 is in tbe process of developing nanodiffraction techniques which are
able to gain structural information about amorphous (or nearly amorphous)
materiala. The approach is to image tbe atomic positions and electron densities of
atoms in a very small sample, approximating a few angstroms in lateral dimensions,
and some 25A in the vertical dimension. The experimental portion of tbia program
actually resides with a Scanning Transmission Electron Microscope (STEM) at Arizona
State University. It has been modified to look at the diffracted electron beam rather
than the image information usually associated with electron microscopy. The
diffraction information is then examined as the beam is moved over fractional atomic
distances in tbe sample. Electron densities of the regular crystal structures can be
obtained for materia[s such as Si. An image with 1A resolution has been obtained for
Si using this instrument.

The big limitation of the current technique is to be able to collect the data
efficiently so that instrumental adjustments can be made during an experimental run
rather than through iterations involving a trip and computer interpretation of the
data. New instrumentation which has more highly sophisticated controls is desired in
order to improve tbe stability and image formation from these techniques. Cornell
and Oak Ridge (using an annular detector without the diffraction feature at Arizona)
arc setting up new STEMS which can be utilized in this mode. The key element of this
research effort is to really ahow the feasibility of gaining significant information
about amorphous structures using this tool.

Tbe synchrotrons represents a major tool for diffraction (as well as for
scattering and spectral absorption). NRL’s synchrotrons facility at Brookhaven, the
National Synchrotrons Light Source (NSLS) represents a significant investment wbicb
can provide characterization information. It is worth noting, in addition, that tbe
Synchrotrons Facility at CorneIl (CHESS) is in the process of installing a 12-pole
wiggler when this is completed, in 1 to 1- 1/2 years, the flux from this facility will
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equal that being constructed at Brooldr aven~ ~. Additional synchrotrons facilities are
the Advanced Light SmIree, Berkeley, and the Advanced Photon Source, Argrmne.

A number of the more standard scattering techniques are wit ized as part of film
growt?r and characterization. These include techniques such as Low Energy Eleetrorr
Diffraction @.EEt)), Refktion High-Energy Electron Diffraction (RHEEB), Auger
Electron Spectroscopy (AES). Secondary Ion Masa Spectrornetry (SIMS), and X-ray
Photoelectron Spectroscopy (XPS). Some descriptimr of additional variatirms wilt be
given treiow.

L AN~G
{Code 6345)-

.ANn x-~

A new NRL program in 1991 involves characterization of film structures
involving the first 1-5 atomic layers rising. angle-resolved Auger scattering mrd X-Ray’
pltotoemission from these layers. This technique is relatively new and is being
intmdueed at phaee.s such as UC Davis, U. of Washington, U. of Cincinnati, and NRTT.

By examining the angular dhtritrwion
of Auger electrons from ultra-thin fiims
which are 1. 2, or 3 mono! ayers tttick, a
distinctly different scattering pattern can be
observed. This gives important informatiorr
relative to characterizing the iocai structure
both in and out of the plane involving the top
several 1ayers of thin fihns. The surface
topography relative to steps, islands, etc. can
be readily discerned using this form of
scattering. Arr example which has been
examined at NRL is the growth of Fe on ZnSe
[which frmms in weII-defined mrmoiayers) and
on Ga.4s (wtiich forms in islands). A number
of fiIm prop-erties are critically dependent on
the surface topography, The mechanism of
film growth can be determined with these

:

: ,.
: ,’

>.-”
: ,<’ ...
: ,. . . . . ..-
: .’,.. . . . . .

a-==:::=- !

techniques. These techniques are selective to specific atomic sites {e.g., it can
distinguish Ga++ from Ga+++). Newer techniques such as angie-resolved electron
excitation processes are aiso being introduced as tirese .wattering processes are Ir&ng
rmderstood. Preparation of samples for these studies are typically done at NRJ- wilft
MEW techniques, or by uiiIizing localized evaporation by electron beam heating of
suitable metal sampies.

62 private ccnrmmnication, January, 1992.
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The purchase of an angle-resolved Auger scattering and X-ray photoemission
spectrometer at NRL is currently postponed due to cutbacks in budgets for FY92. When
it is obtained, it will be placed in tbe NRL Epi-Center.

By resolving the electron spin of the scattered Auger electrons (or from
Electron Energy Loas Spectra, EELS, for example) information can be extracted such as
the sample magnetization or the magnetic domain structure. This represents a future
endeavor to be exploited at NRL. Expertise in this type of scattering is currently at UC
Irvine and Rice University.

A related technique involves the utilization of circularly-polarized photons
from synchrotrons radiation. Circularly polarized radiation is associated with specific
selection rules, and creates spin-polarized holes in a solid material. Information
related to the electronic structure of tbe material is obtained in this manner.
Circularly polarized soft X-Rays are not readily available from synchrotrons since
undulatory typically produce plane-polarized radiation only. The National
Synchrotrons Light Source (NSLS) has some ability to do this kind of scattering
currently (Bell Labs and IBM are entering this field). As the opportunities are
recognized for this type of scattering there may be modifications to undulatory to
produce this kind of radiation. Facilities at the NSLS at Brookhaven are currently
shared with Bell Laboratories for these experiments.

~ ON MIC1 ROSCO PY (BEEM1

Electrons emitted from a semiconductor coated with a thin (1OOA) metal layer
on the surface can pass through the metal layer with little chance of collision. The
spatial distribution of these electrons mirror the distribution from the semiconductor
surface. The current in the semiconductor ia meaaured as a function of a scanning tip
forming a raster, giving 1-2 nm resolution. This technique is thus able to examine
structural variations beneath the metal surface, and is a powerful technique for
examining Schottky barriers and for quality control inspection of semiconductor
devices. ONR-funded investigators have found that an image can be written beneath
the metal surface with proximal prnbe techniques operating at somewhat higher
voltages than those used to scan images. The mechanism for this is not presently well
understood.

3. SECONDARY
YSIS

This technique utilizes a small focussed electron beam from an electron
microscope. Secondary electrons are emitted which have a spin polarization
aaaociated with them. This technique can be utilized to probe magnetic structure in a
surface. A desirable apparatus which has not yet been successfully constructed, and
which has attracted considerable attention, would be one which emits spin polarized
electronsand which could operate much in the mode of a scanning tunneling tip. A
facility with these capabilities is located at NIST.
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The technique of uliiizing Extended X-Ray Absorption Fine Strucirtre fEXAFS]
prrtvities near rreigirbor infmmatims for specific scatierirrg species, At d%imrces of
aeverrd angstnwns. the order of a gimm environment cart be determined with such art
itrstmmerm NRL’s faciiit y at Brooldraveri is utilized for a number of projecls
involving ttris tedrrriqrre.

Photoreffective techniqtres provide a great deaI rrf information shout tire band
atrrn%ure of sernicondnctors. NRL was a lesder in Wifizing interactive plmtoretlective
techniques irr which the i+rfluerwe of one beam on the reflectance of another is
observed.

A very recent observation has been made by NRL concerning porous silicon.
Porous silicon is a material with a fibrous structure in tire nanodimerrsional region: it
is found to Iuminesce red. The red color is higher in energy than the usual band
structure for siiicon, and the initial community reactiorr to tlds phenomenon was that
the “bhze shift” was due to qtmntum corrfifiement. However, NRL observations have
recently and conclusively shown that the red color is due to surface states involving
hydrogen.

3. OPTICAL SPECTROSCOPY

Since energy levels cbarrge when the wall dimrmsions become comparable ttt
the wavelength of particles responsible for energy ievels, spectroscopic tedrrtiques
are responsible for a great deai of information related m the bebavior of nanorneter-
sized particles.

A frequently pursued spectroscopic phenomenon in semiconductors is that of
plasma excitation. This excitation invoIves a number of conduction eiectron
oscillatory modes within confined structures. NRL has shown that spin density waves
are out of phase with the usual electron density wavea in certain zinc Merrde
structures. These two waves are apparently coupled through tbe spin-orbit couplirtg
mechanism.

B.4UER SPECTROSCW~

This technique can be used to determine the local atomic environment for a
specific atomic species. Occasional use of this technique is krund at NRL.
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This technique is important for investigating the size of defects, being sensitive
to crystal volume relative to crystal vacancies, voids, etc. This techniques is not
apparently used at NRL presently.

~ (Cnde 6322)

The electrochemical behavior of surfaces prepared by ion beam techniques
relates directly to the corrnsion characteristics of the materials. Utilizing tbe NRL ion
implantation facility for the preparation of aluminum surface alloys, a model for the
corrosion resistance of this metal with a variety of implanted metals has been
generated. The model relates pit initiation of aluminum in a sodium chloride
environment to the “pH of zero charge” of the oxide of the implanted material. The
use of ion-implanted films for corrosion inhibition is also being studied at Oak Ridge
and the Army Testing Laboratory in Massachusetts. Spire Corp. provides commercial
ion implantation materials for various applications. The Japanese have recently
published studies on the use of ion implantation to improve the cnrrosinn resistance of
steel.

Techniques to characterize surfaces such as Auger microscopy, Secondary Ion
Mass Spectrometry (SIMS), Rutherford Back Scatter (RBS), Raman scattering, etc. have
been useful for a number of years in providing composition information about thin
layera. These techniques shntdd prove to be useful for numerous studies involving
thin films or heterojunctions involved with nanomaterials which are small in a single
dimension.

Catalytic activity is generally greatly enhanced with increasing surface
dispersion. Smaller particle sizes inherently expose greater surface area per unit
mass of catalyst. Further, catalytic activity can have some dependence upon particle
size, particularly as the particles approach nanometer dimensions, This is apparently
due to the change in electronic structure of the material due to confinement effects.
This area offers some commercial interest, as exemplified by nngoing research at NRL
on catalysts for fuel-cell reactions. Samples are prepared, for example, with platinum
clusters having onIy about 200 atoms per cluster on a graphite surface. These samples
are examined with EXAFS at NSLS. It is found that the platinum clusters appear to
flatten out at high electrochemical potentials, indicating structural changes may be
responsible for variations in catalytic activity associated with these samples.
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A rrrrmber of properties often are enhanced by reducing grairr rrr fiber size,
including the mechanical, thermaI, electrical, and magnetic properties rrf ceramics,
metals, and composites. When particulate size nf a bulk material apprcraches mrrs of
runmnmers, a rnajrm fraction nf the material is sctuaIiy at the interface {or crystallite
surface). Tire properties of this interface material is quite different than tkrsu of tfm
bulk material. hence significant variations on tbe properties of the %trnposite”
restdts. A major question relates to the actual properties of the grain boundary.
Apparently the material between grain boundaries is amorphous. in mrrst casea. tfmae
properties are rmknown, compounding the diffictdty of predicting bulk pmpmties
containitrg such small particIes.

A zrrrrnber of pheno~erra exhibif phenomena cfmracmrized by cri$ical lengths.
These lengths are approaching the {imensions of the particle size, thus the foikmving
phenomena are likely to demonstrate different properties as particle dimmraimta
approaelr nanometers:

Meissner coherence length Superconductivity l-lt)tM rim
Correlation length conductivity lf)-iOO nm
CoIlision Iengdr (phonons) corrductivity 1-1000 nm
MateriaLs Dislocations mechanical strengih
Ferromagnetic domain wails magnetism -100 A 10 nm
Ferroeiecmic domain WSHS ferroelectric effects 10-100 A 1-10 nm

The coupling behavior between three quantum dots has berm examined
theoretically at NftL with interesting predictions~z. Tfre quantum dots resemble
artificial giant atoms witfr transitions predicted bssed on behavior analogous to
transitions belween atomic orbitals. Theoretical work suggests that the bebavior of
cioseiy-coupied quantum dots can serve as a basis for logical operations (quarwum-
coupled logic).

2—EEQMM (Code 6800)

Tire charge carrier relaxatiotr time in a soiid depends on the phonon structure
of the medium through which these carriers migrate. The phonon atrtwture ia
sensiti~e to the dimensions of a particular structure and to the uniformity of tbe
structural walls, particularly when nanometer dimensions are achkwed. NRL bas

63 &. Y. Fong, L. A. Hemstreet, R. F. Gallup, J. S. Nelson. L. L.
Chang, and L. L. Esaki, Tunneling in Quantum Dots (paper submitted 1992} .
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calculated electron scattering rates off polar optical phonons in quantum welled.cs sod
w irec 6 strictures as a function of quantum well width. The effects of these phonon-
electron interactions are manifested in optical spectra, particularly with ahsorption
edge and exciton absorption spectrac 7.6s. The effects of confinement appear to chaoge
the relaxation effects substantially, providing the potential for interesting new
material properties.

NRL theoretical developments in transport phenomena consist of solving the
full Quantum Distribution-Function Transport Equation, which includes quantum
tunneling and quantum interference effects, and all many-body effectsc 9. In the
Claaaical limit (Planck constant equated to zero), the equation reduces to the classical
Boltzmann transport equation. Calculations using this theory have been used to
simulate resonant tunneling devices with good agreement7 o. Phenomena such as
bistability in resonant tunneling devices has been a subject of controversy in the
literature recently. Application of the NRL approach appears to have not only
simulated this behavior but has shown the origin of the phenomenon. This tool
represents a powerful approach to simulating the tranaport behavior of
nanostructures.

64 S. Rudin and T. L. Reinecke, Elect ron-LO-phonon scattering rates in
semiconductor quantum wells, Phys. Rev. B, 41, 7713-7717 (1990) .

65 P. A. Knipp and T. L. Reinecke, Coupling of electrons to interface
phonons in semiconductor quantum wells, (paper submitted, 1992) .

66 P. A. Knipp and T. L. Reinecke, Interface phonons of quantum wires,
(paper submitted 1991) .

67 S. Rudin and T. L. Reinecke, Phonon-assisted optical absorption by
excitons in semiconductor quantum well, Phys. Rev. B 39, 8488-8493 (1989-11) .

6S 1. C. da Cunha Lima and T. L. Reinecke, Infrared Absorption Due to
Electron-Lattice Vibration Scattering in GaAIAs/GaAs Quantum Wells, (paper
submitted, 1992) .

69 ~. ~, B“ot ~n,j K> L. Jensen, Lattice Weyl-Wigner formulation of
exact many-body quantum-transport theory and applications to novel solid-state
quantum-based devices, Phys. Rev. B, 42, 9429-9457 (1990).

70 K. L. Jensen and F. A. Buot, Numerical Simulation of Intrinsic
Bistability and High-Frequency Current Oscillations in Resonant Tunneling
Structures, Phys. Rev. Lett. 66, 1078-1081 (1991) .
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A novei idea gaining interest m NRL is the possibility of utilizing narrow-gap
sernicorsdrmmrs for interesting transport properties in senriconductirsg devices. ‘The
interference effects in resonant tmmeling devices has been recognized for severai
years. Laterai surface srsperlattice field effect transistors are stmvm IO derrmnstrate
resmsant behavior, but primarily at low temperatures. By utilizing low band gap
serniccmductors having very low effective masses {such as HgTe/CdTe. with m ● - .flOl)
these resorrant effects should be evident at higher ~emperatures (room temperature).
TMs provides a way to utilize the advantages of resonant structures M Mrrizontal
tlewices, vdskfr are easier to manufacture.

Advanced computational models srIch as so-called gradient crrrrecticms IQ the
Local Density Approximation are irscreasingly powerfui moi.s for caicuiatirrg the
eIectrcmic properties of clusters and other smaII segments of matter. Large-scale
parallel computers will enhance the canputatiorrai capabilities of these tools further.
Transport and thermodynamic properties can be estimated with sufficient accuracy W
be of rise to experimentalis!s working witir these properties.

Of aii the properties involving narrometer- sized fragments ~f matter, the
trartaptrrt properties represents the one wfdch is probabIy of most irmercst in terms of
the economic impact likely for the country. ‘The electronics and computer industries
are baaed orr ihe transport behavior of carriers irr semimrnductora. The MCX$FET
appears to be the dominant technology for the microcomputer industry today.
Variations of tlds structure as well as alternative form-s of switching are being
examined for device behavior. The volume of reference material reiated to this

subject is so iarge that the foiiawing comments can on}y touch on the broadest pninta
related m this fieid, rich in the variations arid permutations which have been
pursued.

Nanometer dimensions were first acKieved for mass production by growth
techniques in the production of freterojwrction materials. The advantages achieved
by stsch materials include 1) variable bandgap, hence the ability to engineer material
properties with physical dimensions; and 2) high mobiiity of carriers in lateral
trmrspnrt. The development of MBE and Atomic Layer Epitaxy (ALE) for production of
such materials is welI recognized. Problems in this field inchrde gaining a high
degree of quality controI over the dimensions and layer definition of the orateria!s
obtained.

RoIf Landauer (nearly 20 years ago) stated: “... electronic transport is
fundamentally and simply described hy summing up the conductance of all posaibie
cbanneis, each having a weil defined qrianmrn mechanical transmission coefficient.
A consequence of this formalism is that conductance vfiil be quantized+ in units of
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e2/lr per spin, in the limit of a few ballistic
electron channels. ”b

“isf’nd’$’”=

conductance, G, across a constriction
in accompanying figure) varies
fashion, with plateaus at G = 2nc2/h, for integral n
6. This behavior haa been observed by a number
of researchers (see for example work by Timp and
Howard71). The relationship is simply an
expression of the uncertainty relationship, applied to electrons in guided wave
structures.

Carrying the limit of size to that of molecular dimensions, some consideration
has been given to the conductivity which may be observed for that of a single
molecule72. With the appearance of STM and nanolithography techniques, it may be
possible to realize such an -experiment. A conclusion of the referenced article is that
an order of magnitude conductance may be expected to be around 10 GQ. The current
which would be expected would be about 10 pA for a voltage of 10 mV.

Reductions to below about 0.2 micrometers will introduce significant
fundamental problems 14. These include material breakdown at the voltages used by a
functioning device; the “wiring crisis,” which suggests that at such small dimensions
it will not be possible to construct a lead to each transistor due to the impossibly
crowded conditions; resistance and capacitance effects become increasingly more
difficult to handle at these smaller dimensions; hot electron injection into thin gate
oxides at the drain alter device characteristics; and edge dctln ition, which typically is
irregular to 0.1 microns, limits the uniformity of devices defioed at these smaller
dimensions. It ia clear that there are a large number of challenge associated with a
simple extension of techniques used above 0.1 microns. Innovative solutions will be
needed for many different aspects of this challenge.

Given that devices having 0.2-0.5 micron lateral dimensions have been made by
paralIeI production techniques and are expected to be commercially available over the
next severaI years, attention in this document should be given to those phenomena
which exhibit alternative behavior to what is now conventionally utilized or projected
for commercial introduction. Behavior of structures having these small dimensions
may be categorized into 1) resonant tunneling devices, 2) ballistic electron
tranaport, and 3) quantum interference devices.

a. Resonant tunneling devices

71 G. L. Timp and R. E. Howard, Quantum Mechanical Aspects of Transport
in Nanoelectronics, Proc. IEEE 79, 1188-1207 (1991)

72 C. Joachim, New J. Chem. 15, 223-229 (1991). The Conductance of a
Single Molecule.
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A Renaissartce in vertical electronic transport
through muhiiayer heterosmrctures was introduced
witfr the demonstration of large quafitum tunneling
effects irr resonant twrnehrg structrms7 3. The
significartceof these experimerrts was the. realization
that artificially-structuredquantum states could show
aoticlassicalelectronic transport.

Resonant tunneiing of electrons tlrrorrglr
quantum wells produce negative differential resistance
aa ihe wave-barrier interactions reinforce and
interfere at various voltages. SeW-osciliwinfi structures are abie to r.irodrme
freqrmncies of several hwr~reds of GHz, augg~sting considerable impact o~ these
strocttwes for microwave oscillators and devices.

b. 13aitistic electron transptmt

If the cotrerence iength (closeiy associated with the mean free path) of
electron carriers is greater tfran the dimensions of a given device, then Iranapm’t
invoives a minimai number of collisions as they migrate through !he materiai. la
f3aAs, for exsmpie. the mean free path of electrons ia estimated to be on tbe order of a
few hundred rmrmmeters at low temperatures in pure materiaL Eiectrons having
sufficient energy to surmount a barrier have greater speed than the average of the
ensemble before barrier penetration. Devices Wiiizing primariiy this effect have
demonstrated balliatic transport along with a variety of properties associated with this
type of transport. Such devices show interference effects. to be discussed next.

f. Quantum interference devices

As the size of semiconductor
devices becomes smaIier than the mean
free path of the carriera, electron phase
information is retained over the size of
the device, Interference effects are
important to recognize in such cases.
Major modifications in tbe transport
properties of ballistic electrons
propagating in two parallel channels is
observed by adjusting the reiative phase
in e.acfr channel. The optical analog is
that of the Mach-Zender interferometer The resulting Aharonov-Bobm osciiiationa

73 ~. c. ~. G, SDlln~~c W. D+ @o&ue, P. E. Tannerwald, C. D. P?iXkeX.

and D. D. Peck, rippl. Phys. Lett. 43, 588 (1983) .
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have been observed in small ring structures 4. A phase shift may be induced through
electric or magnetic field perturbations. Substantial consideration is being given to
variations of such devices. They are predicted to have high transconductance and low
power dissipation, and may possibly provide picosecond switching capabilities. A
comprehensive perspective is presented in the following statement7 5:

“...the real power and utility of quantum devices may ultimately Iie not
in the implementation of conventional transistors having a source, a
drain and a gate (where the low current capability is a major concern)
but in the implementation of programmable multi-terminal quantum
networks that could lead to radically new concepts for information
processing with electronic devices. ”

d, Field-effect-controlled nanostructures

A number of innovative quantum interference devices have been examined
experimentally which utilize field
depIetion regions of heterojunctiona to
define nanodimensional structures76. A I 1-1”””””--’””n—,
number of variations have been
fabricated to examine conduction and
interference phenomena at nanometer
dimensions. These include MODFETS,
grating-gate lateral surface superlattices
(LSSLS), planar-resonant-tunneling field-
effect transistors (PRESTFETS), and arrays
of quantum dots (QDs). By patterning the
overlayer Schottky contacts parallel or
perpendicular to the direction of carrier
floe, or by patterning these contacts in a
grid pattern as opposed to “wires,” a great
variety of phenomena can be observed.
Interference effects observed Correspond (

’17
v

,selv to those exDected based on orior
knowIedge of these devices. Mul~iple extrem-a in the curr&rt-voltage relationships
suggest the possibility of multi-level logical elements, now that such devices can be
fabricated and effectively characterized. Further variations involving such devices

74 R. A. Webb, S. Washburn, C. P. Umbach, and R. B. Laibowitz, Pbys.
Rev. Lett. 54, 2696 (1985).

75 S. Datta, Quantum Interference Devices, in F. Capasso, Physics of
Quantum Electron Devices, Springer-Verlag, NY (1990).

76 K. E. Ismail, P. F. Bagwell, T. P. Orlando, D. A. Antoniadis, and H.
I. Smith, Quantum Phenomena in Field-Effect-Controlled Semiconductor

Nanostructures, Proc. IEEE 79, 1106-1116 (1991).
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utilize lateraiIy-cmrfined tunneling junctimm7 7.75. Am alternative name of Resmrmtt
Tunneling Field-Effect Transistor (RTFET) has been dubbed far lateral qnanttun wires
cm a gate.

An additional physical phenomenon which becomes evident in such smatt
atructurea due to wave delocaiization effects is that OF fluctuations in voltage which
are observed at points adjacent to coriducttrrs. Statistical ffuctuatiorts in fields
associated with the passage of a finite rmmber of carriers are transmitted nanornetera
afong emmectiorrs adjacent to the conducting path.

NRL

NW has made a great number of measurements characterizing the transport
properties of semirx-mducxing materials. Mention here is of the several more recent
measurements characterizing those properties associated with ma[eria! and device
behavior at very small dimensions.

NRL experiments have demonstrated the existence nf nanometer-scale
condnctimt chartnels generated by the strain fields of cryatailine dislocations passing
through semiconductor tunnel barriers.

Under illumittation, the electrical resistance of these channels show discrete
changea in time. These discrete changes in resistance of the channel are cauaed @
the change in charge state of single charge traps w~ich modulate the current ftow
through the channeL79 Each discrete change in resistance correspcmds to tIte capture
or subsequent release of a singie phofogenerated charge by a single charge trap. Tida
effect permits the detailed opticaf prnbhrg of the charge kinetics of a single trap. In
additirm, this phenomemmr can be

?7 J. H. Luscombe, J. N. Randall, and h. M. Bouchard, Rssanant Tunneling
Quantum-Dot Diodes z Physits, Limitations, and Technological Prospects. Proc.
IEEE 79, 1117 -l13rl f1991) .

78 S. Y. Chou, D. R. ZiQee, A. ti. !?. Pease, and J. S. Harris, ~?i..

Lateral Resonant Tunneling Transistors Employing Field-Induced Quaatum IfellS

and Barriers, Proc. IEEE 79, 1131-1139 (1991) .

79 P. M. Campbell, E. S. Snow, t?.J. Moore, Q. J. Glembocki, and S. W.
Kirchoef er, Light -Activated Telegraph Noise in hM3aAs Tunnel Barriere: 0j3tiCal
Prabing of a Single Defect, Phys. Rev. Lstt. 67, 1330-1333 {1991) .
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used as an extraordinarily sensitive meana
of detecting single photoos.s o Each jump
into the low-resistance state corresponds to
the absorption of a single photoo. Since the
change in resistance is mediated by a single
charge trap, there are no competing noise
mechanisms. This results in background
dark counts which are unmeasurable Iow
(corresponding to fluxes of less than one
photon per hour), which is far better thsn
current state of the art CCD or
photomultiplier technologies. Further

w J I“’”
efforts are continuing to see if such naturally occurring nanostructures can be
fabricated in a controlled fashion to produce a new class of optical devices based on
the action of single charge - traps.

~ (Codes 6340. 6325)

The two characteristic lengths of a superconductor are the coherence length, <,
and magnetic penetration depth, ).. Since these lengths are quite short, ~ - ISA in
high T. superconductors (HTS) and 102- I03A in low T. superconductors (LTS), and ?.-
I03A in both HTS and LTS, a cryogenic STM is ideal for the study of these materia]s.
Such a system is in the process of being shipped to NRL for tbe purpose of studying
both the HTS and LTS.

When a normal metal or semiconductor is in intimate contact with a
superconductor and the superconducting electron pairs “leak” into them. This
phenomenon is called the “proximity effect.” These “leaked” superconducting paira
have a ~ which is a characteristic of the proximity material and will be probed at NRL
by tunneling spectroscopy with the STM. An interesting variation to be examined at
NRL is the replacement of the normal metal with a semiconductor, to observe the
behavior within the semiconductor under these conditions. This phenomenon
requires clean interfaces, especially for the HTS, and is technologically important for
superconducting electronic devices and contacts.

A magnetic field penetrates a type II superconductor in the form of vortices
which consist of normal, magnetic cores with radii ~, surrounded by a
superconducting region penetrated by a magnetic field whose magnitude decreases
exponentially with a characteristic length k from the core (effectively lSOOA in
yttrium barium copper oxide). Studies of these features are important for resolving
controversies concerning the nature of flux dynamics and pinning properties of the
HTS. The details of this structure can be studied using the STM mentioned above, with
expected resolution of 10-1OOA. These experiments are essential for understanding
and exploiting these materials’ high current and high magnetic field properties.

so E. S. Snow, P. M. Campbell, O. J. Glembocki, W. J. Moore, and S. W.
Kirchoefer, An Extremely Sensitive GaAs/AIGaAs Solid-State Photon Counter,
Appl. Phys. Lett. 56, 117-119 (1990).
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In order m prevent dissigmtimr irr the superconductor in the presence of iarge
transport currents, tfw vortices must be prevented from moving, i.e., they must tm
pinned tm defects that are on the scale of the coherence Iength. FM& wilt attempt to
introduce some nanosize particies by making a mrrnposite rnateriaI consisting ef
YBa@@ ~, dre strperconduciing phase, as the material is interspersed with a narmsk
dispersion of Y2 BalCUlCIs which is cfremical}y compatible with tire superconductor irttt
is an insulator.

The change in superconducting properties as a function of grain size is aisn
under irwestigatirm at NRL. Gleiter (see Tabie 1) showed that ihe critical tenrfremtrwe
of ahmdrmrn increased frmn a value of 1.2K to 3.2K as the crystalline size is tedrtaed to
tmmnneter dimensions. TheoreiicaI attempts are. underway at predicting the critical
current in nanocrystalline materials. An oscillatory behavior is predicted as a
frmction of I/d, where d % the particle diameter (assuming a rnonodisperse sample).
Peaks in critical currents are predic!ed in nanocrystailine supercond~cting materials.

D. MAGNETIC PRt3PE RT ~ (Codes 6tW& 6340)

Nanodhnensional magnetic structures are important from the point of view of
1) thin fihns which make up magnetic layers, and 2} magnetic domains which, under
proper conditions. can form memory devices in very small dimensions. AtSo,
magnetic smrcture can be probed by using a spin-polarized tmrnei ing tip to study the
behavior of magnetic domain walls.

Rare earth transition metal muhilayer films have been produced at PbWips
Laboratories, Germany, and measrrred at NRL which have giant anisotmpies and
wldch form “perfectly homogeneous” mmerials down to the 3 - 10 ~ ~~mension, The
materiais are prepared with alternating layers of. e.g.. Fe and Tb at 4 - 5 ~ intervals.
The importance of this material is that it could be useful as a recording material at
room temperature (previously prepared materials exh~V~ted such bebavior only at iow
temperatures). Such highly arrisotropic materials have very narrow domain wail
widths (as srnali as a single atom). In fact, ihe question of what is a domain wait is an
irrtereslirig question associated with such materials. A new faciiily is being
introduced at NRL for ultra-high vacuum work for sputtering and Molecular Beam
Epitaxy (b-IBE) which wilI aIlow preparation of these fiims at NRL. Another program
involves Extended X-Ray Absorption Fine Structure (EXAFS ) on amorptrom FefFb fihrts.
The origin of the anisotropy perpendicular 10 the film is of interest in these studies;
thh qrrestion may be acdved with the newer toois being appiied to it.

A new discovery by Jrdicfr (KFA, Germany) has shown thet successive 50A
layers of iron separated by 10-30~ of chromium shows anti ferromagnetic alignment
of the magnetism in the iron layers. The coupling

TMssignoftheexchange~l
me-ehanism appears to be the exchange integraI passing
through the dmomium layer.
coupling oscillates as the thickness of the Cr layer
changes. similar to what one expects from classicai
coupiing effects. However the characteristic iength ~
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scale is a fsctor of ten larger than what would be expected from ordinary exchange
integral considerations. The mechanism for this phenomenon is under intense
scrutiny in the community. Associated with this unusual antiferromagnetic coupling
is a 50% change in resistivity (discovered in Orsay, France) with applied magnetic
field. Commercial recording heads operate on a magnetoresistive effect which
amounts to a 1-2$% change in resistance. Since the speed of such a memory is
proportional to the square of the relative resistance change, this phenomenon
represents an effect which conceivably has considerable commercial opportunity,
and is attracting a great deal of attention. It could possibly lead to nonvolatile memory
components which have speeds comparable to or greater than current semiconductor
memories. Applications for high value platforms such as satellites could be very
attractive.

Magnetic semiconductors have been made in unusual circumstances. Materials
such as ZnSe can be doped with 10-2070 Fe, Mn, or Co in alternating superlattice
structures (similar to GaAs/AIGaAs) and show a strong spin polarization in the layers
due to the presence of the magnetic atoms introduced. The unusual property of these
materiala is that the g-value is on the order of 200 (as opposed to the normal value of 2
for the free electron)! These materials have been used to grow spin superlattice
structures, and demonstrate that carrier spin may be used as a fourth degree of
freedom, completely complementary to the three spatial degrees of freedom.

The magnetic equivalent of an FET is under examination at NRL. NRL is
fabricating iron patterns on GaAs, filling in active regions with dilute
semiconducting materials (such as ZnSe/ZnCoSe). Devices which are sensitive to
magnetic fields in the same manner as an FET is to electric voltages are anticipated. It
ia hoped that optical Faraday isolator switches may be fabricated. Constmction of non-
reciprocal devices for optical fibers and integrated optics appears to have a high
priority at the present time. Scattering effects in the optical region make this a
requirement which is just as severe as that which introduced these devices in
microwave equipment decades ago.

Spin injection represents an idealistic goal with significant ramifications. The
spin polarization of electrons in metallic iron amounts to approximately 23% (more
apin up than spin down). If electrons from iron are injected into a semiconductor
which is particularly sensitive to magnetic fields (such as the dilute semiconductors
mentioned above), the band gap can be significantly altered by the resulting
magnetic field of the polarized electrons. Effectively, a 2 KGauss field can he
introduced by this method by simply a few milliamps of current. It is possible to
envision controlled magneto-optical effects which such techniques. NRL has a patent
on this idea.

The magnetic properties of granular magnetic materials is being investigated
in conjunction with the metal lized tubules mentioned in the Fabrication/Self-
Assembly section of this document. The magnetic coercivity of nickel-coated tubules
is a strong function of the orientation of the tubules as well as the nature of the
coating. Characterizing these materials with microscopic examinations, electron
diffraction/imaging, and magnetic measurements is continuing. A potential
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%@~-t~orr rek- tO ~h~ w of such materiais as etectmstatic sm-=rrirrg agmts m
reduce cross talk in atripiine microwave components.

~ (Code 650fB

Narmstrrrcmres are hnportam for their optical properties in IWO fmrdamertiai
areas: 1) sources of radiation, and ‘2} for detectors. Quantum wires and dots have a
poterrtial for enhancing nonlinear opticai pfrenomr.na and for providing aecive
optical gain media with higher gain coefficients than for Iromogerreorrs materials.
Energy ievel spectroscopy on smsii two-dimensiond dots is takkrg place (much as
witft atoms) to characterize tfre band structures obtained by corrfirrertr-err{. The
manner in wfricfr these qnamum features ctrrrple with one another irr ck?sely-spaceri
arrays is an srea of interest being pursued.

New lasers have . become cmnrnercially avai labie frnm heterojmrctiorr
structures. This is perhaps orre of tire first cnmmerciaily resfizabie products of R&D irr
the entire area of nanoscience/~echnoiogy.

Opticai detectors for long wavelength If? Irsve been made from Gal%
narrrrsmrmrres, bat these devices nrrrst compete with detectors utiIizirrg H-W
materials. Tfrey are currently 1 - 2 orders o~ rnagrtinrde
they are being investigated for improvemerrts. Bell
Instruments are partictdarly involved with such studies.

m

Iess competitive, ‘however
Laboratories and Texas

A number of magneto-optical and quantum Hail smdies have been conducted on
srrperlatt ice strrrcturess ~. This work has lead to subsequent interests in rmdinear
rrpticai properties for protection of optical sensors. Nonfirresr optical properties are
substantially inffnermed by certain nano-dimensional smuctrrres. Frrr example,
selected semiconducting iayered materiais such as Im4s-AISb-GaSb and BiSb-CdTe are
being examined in Code 6550 for their nonlinear behavior. A desired objective is @
create devices which would switcfr from transmission to reflection at a selected power

tfrresiroid. While several nonlinear maierial systems are potentially aMe m dct this,
certain msterial limitations rreed to be overcome to make practicaI devices. Anaiyaes
have been made which irrdicate that, for most approaches considered ~, the parameter
n2/{u~ ) is an applicable perform arrce parameter, where n~ is tbe third-order
non~inear index of refraction. a is the materiaI absorption coefficiertt, and t is the
lifetime for recovery of tire material. At some wavelengths, the operable parameter is
more simply n2/a.

81 J. R. Meyer. R. J. Wagner, F. J. Bartoli, C. A. Hoffman, M.
Dobrowolska, T. Wojtowicz, J. K. Fuzdyna, and L. R. Ram-Mohan, Magneto-
optical properties of HgTe - CdTe superlattices, Phys. Rev. I!, 42, 9050-9062
f1990) .

82 Analysis by T. Cmnpillo, Code 6500.
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One group in Code 6500 is concerned with utilizing total internal reflection at a
threshold of high power levels for this effect. Layered materials involving, say, 200
atomic layers each of the semiconductors mentioned in the previous paragraph show
considerable prnmise. “Type II” superlattices involve semiconductors in which the
overlap between electron and hole carriers is minimized by concentrating each in the
two different layers. Carrier lifetime is enhanced through such minimization of
overlap. By further modifying the layered structure beyond those variations which
have been first tried, increased values of n2 with reduced values of a are anticipated.
This program is relatively new (beginning in October 1991) and is rich in the
fundamental physics which needs to be explored.

Quantum dots have been the subject of a number of investigations country-
wide, however frustration has been expressed over the difficulty of obtaining easily
characterized and uniform material. Recent efforts in Code 6500 have lead to a
technique for producing 100 nm (or even 10 nm, thought possible) holes, regularly
spaced, in glass. This material can be used as a template in which materials of interest
may be placed, providing a flexible way to fabricate well defined quantum dots and
wires in an otherwise optically transparent matrix. This technique should be
generaI]y useful for a number of studies on reduced dimensionality materials.
Cooperative efforts involving Code 6100 (for synthetic approaches to filling the holes)
to Code 6800 (for materials of interest for electronic applications and measurements)
are developing here. The holes in these materials are regularly spaced, which is
significant due to the cooperative phenomena which can take place affecting Iifetime
properties in a regularly spaced array.

Prior to this technique, the efforts in Code 6500 have stressed the fabrication
and study of noolinear optical properties of quantum dots in composites. CuC1/glass
composites with dot radii from 20-40A have been made and shown to have an
extremely large nonlinearity. GaAs dots with radii from 15-25A have been fabricated
in vycor glasa and plastic hosts. These samples have shown 200-300 nm blue shifts for
the GaAs band structure due to confinement. Additional composites have been
prepared using the metal atom reactor technique. Metal and semiconductor clusters
in a chemically active polymer host such as poly-4-BCMU have shown greatly
enhanced non-linear optical properties. Samples containing 7% gold without
aggregation have demonstrated a non-resonant third-order optical susceptibility
coefficient enhancement nf 200 relative to poly-4-BCMU.

~ (CODE6300)

Materials with nanocrystalline grain sizes typically show reduced density,
increased thermal expansion, specific heat, and extremely high diffusion rates.
Because of the extremely small grain sizes, up to 50qo of the atoms can be located
within the grain boundaries.

Sintered powders made with fine powders have increased densi[y and
uniformity, reduced shrinkage on firing, and reduced need for subsequent
processing. A look at the properties of nanocrystalline metals as compared with their
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crystaHke cmnrterpwts is given itr ‘i%bie L Note that, for tire limited sample size
giverr here, nartcrcrystaiiine materials have higher thermaI exparrsimr eeefficiems,
lower derisides. krwer elastic moduli, higher fracture stress, and a lower activation
energy for diffusion. This suggests that such materials could give stronger materitds
ai romn temperature, bm due to the lower acti~atimr energy for diffrmirm, higher
temperature applications may be somewhat fimited.

Table I
Prr@ertiea of NanocrystalIine Metals compared witir their Crystalline and Glassy

fSour3terparts~ 3

~~

Thermal exparmimt ( lLt-~/ K ) Ct.1 16
Specific heat at 295K (J/gK) Pd 0.24
Density @/cm3) Fe. 7.9
EIastic modufi {GPa)

Towrg’s modulus Pd 123
Shear moduius Pd 43

Saturation rnagnetiz’n at 4 K (emu/g) Fe 222
Srraceptibiiity (lfk~emu/t2e g) sir -1
Fracmre stress [Kp/rnm2) Fe/1. i4%8 50
Superconducting T. (K) Al 1.2
Activation energy for diffusion (eV) Aginti 2.0

Cu ir3cu 2.04
Debye temperaurre (K) Fe 467

f2LAss MmKrmmL

18 3t
fL37

7.5 6

88
32

21.5 13(I
-0.03 20

600
3.2
0.64
0.64

345

The desirabie aspects of materials having sub-micron grain sizsa are
accompanied by additional features which mitigate some of the advantages of these
materials. In particular, small grain sizes aiso enhance 1) atomic diffusirm bemverm
grains and 2) disIocatiorr mobility. The consequent behavior is one of errfranced ram
of grain growth (Qstwald ripening) and enhanced creep m ductility. These can be
desirable for enhanced formability, but undesirable from tbe point of view of
maintaining many of the enhanced properties at high temperatures.

The ffali-Peicfr (H-P) relationship has been recognized for years as art
important aapect of materiak hardness. As particle size is decreased, yield alrength
seems to increase. However, flleiler~ has apparently shown that particle sizes wfrkh

83 C. Suryanarayana and F. H. Frees, Nanocrystalline Metals: A F!eriew,

t%ysicril Chemistry of Powder Metals PEOdUCtiOn and Processing. St. MaXYSS.
PA. 16-18 October, (1989).

‘J~ Scripts Metallurgic 23, 1679-1684 t1989).
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are several orders of magnitude smaller thao the usual 10 micron grain sizes,
although substantially stronger, show the reverse behavior (smaller size is correlated
with decreasing yield strength). The basic reason for the H-P relationship seems to be
associated with the build-up of dislocations at a grain boundary before material
failure. Larger particle sizes can contain a greater number of dislocations, thus
producing a higher number of dislocations localized at one place when under strain.
Failure takes place more readily due to this higher concentration. Smaller particle
sizes have fewer dislocations in them, hence less build-up of them at a grain
boundary. However, when the particle size is so small that this build-up of
dislocations cannot take place (less than one dislocation per grain), alternative
mechanisms begin to be important.

The quantitative relationship is:

Yield Strength M l/old

where d is the particle diameter. The constraint which involves diffusion effects (and
particle size growth through Ostwald ripening) imposes further Iimitatinns. as
discussed in the previous paragraph. It is a valid relationship only if tbe composite
consists of immiscible components, which helps to limit grain growth. Further, the
yield strength of a composite is generally accepted to be the weighted average of the
yield strength of the various components, proportional to the volume fraction of each.
However, the properties of nanometer-sized particles is such that strengths greater
than that of either component is possible, due to the fact that the composite property
consists of such a large fraction of interracial material. Thus, unexpected properties
are expected when working with these materials. The extent to which these basic
relationships are foIlowed or not is unknown for nanocrystalline materiaIs.

NRL has an ARI in this field which is almost completed. Materials which are
being investigated at present include ninbium particles in a copper matrix (with a
small amount of nickel). Some increased strength has been indicated, but the
unequivocal demonstrating of this has been difficult to achieve. Samples have
indicated sensitivity to impurities. Alternative methods of preparing more highly
controlled materials is being pursued at present.

In addition to simply working with smaller particle sizes in a cnmposite, some
recent work by Hilliard suggested that metallic multilayers having some ZOA distance
between them exhibit stiffness modulus several times that of the bulk value of w
component. The reasnn for this was ostensibly due to dislocation pinning along with
the fact that the majority of the material was interracial, which presumably has
different properties. This attracted a great deal of attention and disagreement in the
materials community. Today the community consensus appears to be moving in the
direction that there may be a 30-40% enhancement, but experimental difficulties
probably account for tbe larger part of lhe enhanced modulus reported. Difficulties
such as thin layers of oxide formation due to sample handling appear to be significant
sources of error.
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Tim umunerciai value of frigfr strrmgih rnaferiafs made from rtarmmeter-sized
particies is an irnpcmtant driving factor. Some interesting speculatimts have beetr
offereds ~:

“t2mmeHdate.s made to date from nanometer scale rnetaiiic
partirka have not yet beerr shown to exhibit any properties
that woukf make them worth their high prrxktimr cost, and
they may well remain laboratory curiosities for some time
to come. fh the rrther hand, an ecorxrmic source of ceramic
particies of rrarrometer sizes could make possible the
production of formable ceramics with the improved
properties inherent to ffaw free materials. Another area of
high potential for nanometer size particles is in the
fabrication of dispersion strengthened metals.”

2. cm

The motion of grain boundaries leads to creep in materials. This is greatly
enhanced with smaller grain sizes, and is a significant factor for grain sizes wfridr
arc sub-micron in dimensions. One aspect of this motion is the introduction nf creep.
an irreversible deformation which is ttndesirabie under aimost any cireummances.
Many of tfre desirable aspects of nanocrystaliine materials couid be mitigated by creep
properties at higher temperatures. TKIS aspect of nanocrystaiiine materiais behavior
must be carefully considered in the design of superior strength materials anticipated.

Another aspect of grain boundary motion is ductility, a highly desirabie
property for materiais strength and formability. The tmdesirable aspects of grain
boundary motion leading to creep are desirable if utilized in tire processing of metaia.
ahys. and ceramics for structures.

The increased ductility of fine-grained materiats Ieads to a phenomenon known
as superplasticity, in whkft a tensile specimen may be eiongated by factors of 10 or
100 before breakage. This property could lead to significant cost savings in forrnirtg
structures of high performance materials. Currently many high performance
materials are made with costly machining processes. If they could be molded,
significant cost savings could be achieved.

The phenomenon of superplasticity has been recognized for years, however
such materials have been limited in their applicatiorr due to the difficulties of
preparing them. NRL has a new start in the Materials Processes Task Area which wilt
expiore methods of specialized powders for composite precursors. A key to making
this process nseful is to gain deformability at high enough temperatures without the
appeamace of significant grain growth. This means controlling the stable submicrort

85 J, Dw ~Yer~~ pine particles, Elliott symposium Proceedings, pg. ~?~

(1990) .
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grain sizes. This represents a carefully designed balance between the inherent
limitations of thermodynamic equilibrium and kinetics.

An exampIe of superplastic materials is made with the alloy mixture Ti3A1/TiAI.
This has been made by Martin Marietta, and the superior strength properties
measured. Mechanical components made from this material are approximately l/3rd
the weight of Inconel-7 18. NRL’s role in this has been to characterize the properties
of these materials. At present, the preparation of this material is more expensive than
standard techniques with more conventional materials. If a hot deformation
technique utilizing superplasticity could be introduced, it would represent a
significant cost savings. Alternative preparation and processing procedures couId
lead to advantages: however, a scientific base is required to point the way to such
superior processes.

The advantages of superplasticity nf sub-micron grain sizes in materials has
been recognized for years. A world-wide expert on this subject is Professor O. Sherby
at Stanford, who bas been supporled by ONR for 25 years. The NRL approach of hot
pressing superplastic powder samples, however, represents a unique approach which
has not been attempted elsewhere.

It is also apparently true that very small ceramic particlea gives rise to
ceramica which are ductile. This work has been carried out at Rutgers University. It
is stimrdating to imagine tbe possibility nf preparing superplastic high-temperature
superconducting materials. Limitations on current-carrying capacity of such a
material may be present due to the high volume fraction of grain boundaries. One of
the principle problems of making the high temperature superconductors
commercially important has been the brittleness of the prepared wires and other
items formed. This, however, is presently a gleam in the eye of researchers.
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The wxiety of devices which evolve from the sernicoiwlucmr world appears to
be almost int%ritc. It is nrrt possible to otttiine the great mmrber of devices and effects
associated with these phenomena. A list of some of the types of devices, replete widr
the acronyms. includes:

Tmrnei Diodes
Gmm Devices
Am
CMGS
mu
HEMT
HK&Er
WET
KiFET
13
LSSL

MEWET
MGD~
MGSFET
MPQW
PRESTFET
RHET
RTFET
sAfNT FET
SISFET

Avalanche Pirotod%des
Complemeni~ MOS devices
floubie Heierostructure Lasers
High El$ctron Mobility Transistor
{also SISFET) Hetcro-hmdating Gate FET
(also HBT} Heterojunction BipoIar Transistor
(same as MCYSFET) hrsrdaied Gate F~eld-Effect Transistor
Josephson junction
LateraI Surface Superlattice
MEtai Semiconductor Field-Effect Transistor
Metal -Insulator-Semiconductor Field-Effect Transistor
Modulation-Doped Semiconductor Field-Effect Transistor
(same a-s KWfYT) Metai Oxide Semiconductor Fieid-Effecc Transistor
Multiple ParaHeI Quammn Wires
Pianar-Resonant-TunneIing Fietd-Effect Transistor
Resonant-tunneiing Hot EIectron Transistor
Resonani TunneIirrg Field-Effect Transistor
SeWAiigned Implantation for N+ -iayer Technology FET
(also HIGFET) Semiconductor-insuiafor-semiconductor FET
(same as MODFET) Two-degrees-of-freedom Electron Gas FET

Several of these devices arc illustrated in the accompanying figures 6

96 See, for example, ~. Mun, GaAs Integrai.ed Circuits, MacMillan Pabl.
CO., liY (19%8), or R. Saares, J. Gsaf feuil, and J. Obregon, Applications of
GaAs MESEETS, ?+r’techHouse. Inc., Dedbam, MA f19f3~l.
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The economic and miIitary consequences of this aspect of nanometer-
dimension materiaIs is probably greater for this application than others. Nanometer
dimensional ICS wilI approach .25 to .1 microns by the year 2000. This is the dimension
at wh]ch the standard MOS transistor will not function optimally. At this r.roint, new

design and operating principles must be introduced. - -
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A massive iewrd nf activity is currentiy iaking pIace at many laboratories
thrrtttghtw the country in examining tfm. behavior rrf rtmmsmucitmes havit!g
potendai appiicabiiiiy to device fabrication. Some indicatkm of this activity can be
obtained by simply examining }he weaitlr of information in a recent IEEE issues?. A
wide variety of phenomena are being examined in these research areas. The
pherurrnens seem to be re.adijy predictable based on our existing knowledge of wave
therrry and materiaI properties. A cha;lenge is to dernmrstrate these pherromena suck
that the engineering of desired properties can be accomplished in a cost-effective
manner. Tire be.havirrr of rrew materiais continues m represent a frontier for
innovative expioratiorr.

A significant aspect of semiconductor researcfr is to improve the radiation
resistance of semiconductor devices through st ructurai irnprovemenis. one of the
major faihme mechanisms in MC)S is drarge m igratirsn after upset, An emerging MOS
device technology is trr go to CM(XS on insulator. These devices are envisioned to be
much more resistant to radiation damage because the insulator base does not aIlow
mriiection of phomcurrent transients ~ue
respond quite differently m this mechanism,

Single -electron tunneling (SET)
devices have irer.orne quite popular for
study recently. It has been shown that
tunneI junctions can be made in which the
dtarging energy, e~ /2C, {C is capaci@rrce)
is rntmfr greater than kT. Then logic
circuits can be built based on the passage
of a single electron from one conductor to
the next. R is e.quivaient m show tlrat the

voltage across a very small capacitor {C =

to radiation. Nanometer dtvices may
and this needs to be investigated.

I
r.

‘\ inautator
\ mrducroi

tA/i, A is area, i is length between plates) changes in finite increments wi}lr the
passage of a singie eiectrorr if the capacitance is sufficiently smaii. Suclr a device itaa
been studied at low temperatures (e.g., 1 K), but if device dimer-mitms ean be made
srna~l enough (say, 100A) it is thought that this phenomenon couid be made to work m
room temperature. Another phenomenon, qtiantized current, is reminiscent of tire
behavior of Josephson Junctions, except that the effect ia drie to one-eie~tron
trartsitions instead of two-eIectron transitions. The possibility of constructing Iogical
devices is under intensive scrutiny. This device may also be a usefui raitatiort
detector. NW. has not been involved in studying the fundamental phenomenon,
however the opportunity to explore the utility for devices is very attractive. A
number of Iaboratories are pursuing this potentially useful device. Frof. Etkharev at
SUNY Stoneybrook is very interested in pursuing thk potentially important deviee.
The American Physical Society has had several sessions on this in recent meetings.
NRL finds this area attractive and is looking at tbh field with interest.

S7 Proceedings of the IEEE, 79, [8). AU9USt (1991) .
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a. Memory Devices

There are a great number of devices, materials, and systems which are utilized
for the storage and retrieval of information. Included among the more commnn of
these are computer core memory and magnetic and optical memory discs and disc
systems. New improvements on the ability to pack information into smaller and
smaller volumes continue to appear. This field will continue to be impacted
significantly as the ability to fabricate and control the behavior of the nanometer
world advances.

b. Cathodic Emission

Tbe emission of electrons from a cathode in a vacuum ia highly dependent on
the structure of the surface. If the surface containa structure which has a very high
curvature (say with a radius of curvature of 10-25 nanometers) the emission is
enhanced markedly. It is possible to consider designing cold cathodes with such
designs. Devices with such performance are of particular interest for generators in

the microwave or mm-wave region. The capability of constructing cathodes with
nanostructures has been a relatively recent development, thus this approach to
improving on the design of vacuum electronics has gained attention. Materials
chosen for this application must withstand high stress fields and be relatively
inaenaitive to surface contamination as well as be fabricated with the curvature and
density of “tips” appropriate. Currently a number of methods for producing
conducting and aemiconducting atrrrctures on a cathode for this purpose are being
explored for applicability.

~ (Code 6572, 6870)

The utilization of heterojunction devices as laser sources represents a
significant growth area. This is one application area which has actually developed a
commercial market for products involving nanometer dimensions. Laser diodes are
quite efficient. It is possible to increase the area (width of junction: 500 microns)
over which electricalinjectiontakes place in these laser diodes. By injecting a single
mode optical beam into a single-pass broad area amplifier in this manner, power
levels as high as 10 watts from a single laser/amplifier have been achieved (peak
power, with a duty cycle of .001). Wavelengths from 0.7- 1.5 microns are possible from
these devices. Doubling techniques allow generation of visible radiation over a wide
range of wave lengths. A prime goal in this area is an efficient laser at 910 nm, which
can be then doubIed to the Cesium atomic resonance filter at 455 nm (blue-green for
Naval applications). The efficiency of the overall process approaches 30% for the
electrical efficiency of the IR laser diodes, and 40% for the doubling process. Overall,
some 10% efficiency is projected in overall system efficiency. Devices hoped for in
the future would be something producing 100 mw of visible radiation in a device the
size of a cigar box. These devices can be tuned (by changing diode temperature) and
modulated for communications purposes. Other potential applications include optical
displays, data recording, and medical applications involving laser surgery.
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Beyond heterojtmction lasers, the tise of quantum wires and everr qmmtimn dots
are being crmsidrmd as active materiak for future lasers. TIds appears attractive due
to the alternate bard strucsnre in these reduced dimensional materiais.

Nonlinear optical materials are being rttilized for optical switching artd
modulation of opticaf signals irr phottmic devices. The quest for optically transparem
materials fravistg higher nonlinear optical properties has been pursued in recent
yeara. Quantum dots seem to offer advantages for accessing the plasma resormrmea irs
both metals and semicorufucmrs. Additional advantages of qrrmsttmt dcrta irnmive the
mruMication of the dertsity of states due to quantnm confinement effeets. These
modified materials should have resonances which are tunable to different energy
ieveis by size and conductivity rnodificaiions, and offer a way to engineer epticat
material properties in a msmber of ways.

Semiconductor heterojunction snaterials may be
fabricated with bniit.in s{rain, This strain introduces asr
electric fieid proportions! to the stmirr (pie zoelectric
effeef), and haa been studied at NRL with GaSb/AiSb
quantum well material. This can be advantageously
utilized to make fast optically-induced modtdatrm.

Nonlinear onticai devices have been rmrsued for
several years with- the hope of finding ma~erials which have low tbreshoids for
switclrirtg when exposed to relatively moderate Ievela of Iight. Applications of
materials which ftave Idgh nonlinear coeftlcients wouid be in the area trf integrated
optics (pitmonica) for switching. The frope of obtaining materials wM~clr would switelt
quickly wisen exposed to damaging levels of radiatimt is ako envisioned, aithouglt
stsch materials steed greater nonlinearity than have been observed thus far,

The utility of nanometer structures to modify the optical properties of a
material leads to the concept of .d~splays. Although liquid crywais src utilized for tfds
propose today, variatirms of this concept through speciai design of ferroeiemric
ifnmains ftaving nanometer dimensions is a concept bckg pursued.

L FZJNCTK)NAL hfATERI~

A great variety of matcriais appropriate for utilization due to their electronic,
optical, magnetic, dielectric, and cisemieai properties. Many of these are tfiacttsaed
under the beadktgs elsewhere in th]s section.

The electromagnetic properties of composites are of interest dste to the
modification of electromagnetic radiation refksction and absorption behavior possibie.
Bulk ~~electric and magnetic properties not obtainable by akemative approaches are
achievable through innovati~e design of materials having appropriate
nanostructures. This includes ceramics, polymers, metal alloys, etc.

The reflection of X-Rays from a material is enhanced by utiIizing materials
having a variation in density which matches the waveiengtir rrf dre X-Ray radiation. X-
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Rays are typically less than 10 nm in dimensions. Materials can be prepared and
utilized appropriate for this application.

Another functional property sought after hy the Navy is nne which will
prevent fouling on the hulls of ships. Innovative approaches to new materials
having controlled release characteristics can be introduced with nanostructurcs in
composites.

~ (Code 6170)

Accelerometers hsve been made using several basic concepts and proximal
probes. IR sensors have been made using the “expanding drum” concept, in which
the thermal expansion of. a material heated upon exposure to electromagnetic
radiation changes the dimensions of a material probe. This dimensional change is
sensed by a proximal probe, resulting in detection nf a signal.

The identification of single molecular species is envisioned by placing probes
such as monoclinal antibodies attached to proximal probe tips. Such devices may
ultimately be able to probe the presence of a few chemical reactions and give rise to
sensitivities and selectivities heretofore unknown.

~ (COde 6345. 6800)

The magnetic properties of materials made with nanodimensions are attracting
a great deal of attention due to the much greater effects observed than for
conventional magnetic materials. The spin polarizations are much greater, for
example. Coupled with piezoelectric materials, devices can be made which are much
more sensitive for sensing minuscule bits of information from magnetic storage
devices.

The utility of Superconducting Quantum Interference Devices (SQUIDS) have
been pursued for some time. The heart of this device is a Josephson Junction which
has nanometer dimensions.

The use of ferroelectric films operating near the ferrnclectric transition
temperature could lead to sensitive detectors of electromagnetic radiation which is
absorbed by the film. In particular, pyroelectric detectors of IR radiation are
anticipated with the suitable fabrication of such films.
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The fieid rrf supercondmting sensors has been reviewed by NRL rescttrchers~a.
Tire bnlornetric rcspmsse of chsnging resistance due to small temperature drangas at
the edge of the transition temperature appeared to offer sensitivity advantages over
other detectors. This appears to be true at Iong IR wavelengths. and such a detector
mag offer additional advantages due to the response at a wide range of vravehatgths.
Josephson junction detectors show advantageous sensitivities at microwave
frequencies. Various fIttx motions can be observed by optical observations near tfre
transition temperature.

One of the more imaginative and dernandirtg programs which has attracted a
good deal of attention is that of a receptor-based biosensor which will be sensitive to
molecular species whkh wou!d interfere with r-mrmai iiving fimctiorts. Snch a device
wmrld be sensitive, for exampie, to any nerve agent wti~ch interfered witfr neurotr
trartsrnission (rather than to a specific agem. whose detectitrrr could be cirrmnwmted
by switcM~ng to another agent). Progress is being made at NRL in assembling arrays
of cells (say, for example, muscie ceiis) which can then be queried by sensing an
ekctrochemicai potentiat associated with each ceIL Such a dewice could be a
neurotoxin detector. By combining such devices with neural patterning, aynlhetic
biological cornponertis could be made which simulated the nervous structure in a
living species. Neuron dendrites could be used to probe the synapse region, critical to
the propagation of nerve impulses. Probes as small as 1-10 nm are needed 10 develop
these techniques.

Antibody-antigen interactions between biological molecules arc sufficiently
strong and specific that this type of chemicai reaction is fikely to be obsewed with
single-molecule sensitivity (see tbe section on Proximal Probes, above}.

“fine of tfre most exciting potential applications of
uItramicroelectrode ensembles is in the area of chemical
sensors, . . . ensembles carr electrochemicaily sense
sigriificantly lower corrcentrations of eiectroactive analyte
molecules than can electrodes of macroscopic dimensions. ...
ultramicroelectrode ensemide-based sensors show Iower

ss S. A., Wolf, U. Strom, and J. C. Culbertsrrn, Visible and Infrared

Oetection Using superconductors, Solid State Technology. PP 187-191 (1990).
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detection limits than analogous sensors based on
conventional electrodes.”s 9

Ion-sensitive field-effect transistor (ISFET) to monitor pH values mentioned;
Schottky barriers are very sensitive to diffusion of species in (or by) the Isyers.

Small conducting whiskers from a metallic surface can emit electrons for
applications ranging from flat panel displays, high definition - high brightness TV,
and vacuum microelectronics in genersl. An application which is pursued by several
programs at NRL relates to constructing an efficient cold cathode for vacuum electron
devices. This is important for microwave oscillators. Lithographic techniques utilized
in support of microhrsno electronics can also be utilized in support of alternative
objectives such ss those of field emitter arrays.

Now that the processes are available for making a large number of 1) sensors,
2) actuators, and 3) computer-controlled closed loop devices, a new world of self-
controlled “smart systems” is becoming available. Applications of micromachines
aPPear to be unfolding as the capability for fabricating these devices and systems
develops. Accelerometers are being introduced into the automobile industry for air
bag deployment. Micromanipulators, piezoelectric-impact drive systems are
envisioned. Microactive catheters using ahape memory alloys are possible. A
prototype 500x500 micronz integrated optical micro-encoder has been made at NTT
Applied Electronics Laboratories.

Microlithographic techniques have been utilized to fabricate “velcro” in
micron-sized binders, suitable for joining tissue associated with medical operations on
patients.

An imaginative concept is one which would utilize micromachines to make
chemical reactors on a chip. With such “laboratories,” very small amounts of drugs
might be synthesized, or a large number of parameter variations could be explored
with a relatively minimal investment in materials or time to carry out the reactions
(accomplished through computer control of the micromachines).

One mode of production for micromachining is the utilization of thick layers of
PMMA resist, patterning the PMMA, with subsequent galvanic deposition of nickel in

89 Nano- and Micro-Structures in Chemistry, Electrochemistry, and

Materials Science, ... C. R. Martin, M. J. Tierney, I. F. Cheng, L. S. Van
Dyke, Z. Cai, J. R. McBride, and C. J. Brumlik (Texas A&M) ; in M. A. Reed, and
W. P. Kirk, Nanostruct”re Physics and Fabrication, Proceedings of the

International Symposium, College Station, Texas, March 13-15, 1989, Academic

Press, N.Y., (1989) . NRL Library QC 176.8 .E4 N32 (1989).
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the. cklt pits. This technique has bear utitizerf to snake sufrersrmic rmzrks with a
curvature of ‘3 microns, rrsefuI for tire isotope separadrm of trrarrimn,

BioiogicaI systems are replete with examples of what cmr be done with sensors,
actuamrs, and logic (the behavior of organisms). Active swsperwiotrs for awomobikrs
mrr be conceived. Aciive boundary layer ceritrcd becomes a possibility. With these
mirriatime devices, shaping carr take place to accommodate nerve growth to electronic
stimtdi, introducing concepts associated with prothesis, or the “bionic man,” popular
as a cirHdren’s show two decades ago.

The rnicrrrrnachining techniques have recently fabricated a mnnektg tip {for
STM) of siiicon, making use of the c~sttilograpbic pkmres of the silicon, to ostensibly
make a “perfect” orre-atom tip (some observers question thhs) with a hlgfr degree of
reproducibility. It is possible to design hundreds (or thousands, perhaps) of
tnnneling tips for the purpose of writirrg raster information cm a chip. This is
conceived trf as a method of achieving resolution beIow 0.1 micron with suffkient
processing speed to reduce costs of nanoelectronic devices through parallel
processing of the products.

An idea to be pursued involves making a metering valve with some 10,000
miniature vaives in paraIlei. Eacir of the vafves would be able to open or ciose
inriividuaiiy. Sur& a device would be able to adjust the flow rate digitally, and wouid
compensate for the loss of individual valves through self-sensing and actuation. This
vrouid restrit in a metering valve having the useful property of “graeefd
degradation.” It should be recognized that tfre flow of fluids through such srnafl
diameters does not follow normal models such as the Navier-Stokes equatitrrr due to the
fact that mean free paths are comparable to the dimensions of these miniature
channels.

Inspection and repair in exmerneiy tigfrt places rnigbt be possible witft
components made from micromachines.

Applications for opticai “circuits” are envisioned for several ptrrposes.
Variable directional coupling for optical wavegirides are conceivable with these
micromachined devices. M~lrrg an optical crossbar switch to provide communication
between two operating microelectronic devices appears feasible, and cotdd compete
with those utilizing nonlinear metfrods of switching the position of optical beams.

The nse of micromacfrhres in medicaI technology is anticipated for a variety trf
purposes. CelIular manipulation, separation, and injection of cells are proposed.
Wlcrosurgery is envisioned. Artificial organs in the body may be possible. Ckte
rdtirnate concept, Idghly speculative, is tirat of a “robot in the bloodstream, - scouring
excess plaque from artery waits.
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A variety of applications involving nano-materiaIs has been suggested in a
number of sources, some of which have been mentioned in the above text. It is most
appropriate to examine the current thrusts as they are espoused hy the Office of the
Secretary of Defense. Current focus by this office appears to be on seven S&T thrust
areas:

1. Global surveillance and communications, focused on a theater of operations
with sufficient fusion and planning assets.

2. All-weather, day/night precisinn strike against 21st century critical mobile
and fixed targets.

3. All-weather defense against very low observable cruise missiles, ballistic
missiles and aircraft.

4. Undersea superiority against open ocean, coastal and regional threats posed
by advanced, stealthy nuclear and non-nuclear submarines and by undersea
mine warfare.

5. All-weather, day/night, survivable, mobile, and lethal ground combat
vehicles.

6. Technology for Training and Readiness, including embedded training,
distributed simulation, and virtual environment depiction.

7. Reduction of DoD acquisition time and cost while improving performance.

This list will be interpreted by numerous planning teams, all pursuing the moat
important mechanisms to realize the ultimate goals implied in this list of seven
tbrtcsta. Upon reflecting on this list, it is clear that there is a major emphasis on
sensing and information processing. The emphasis on “all-weather” is clearly
recognition that sensors must operate under night-time or inclement weather
conditions. This requirea the utilization of improved sensors and/or alternate
electromagnetic and acnustic wavelengths. The emphasis on stealth and counter-
stealth again will be met with specialized materials, imprnved sensora, and with
enhanced information processing, data fusion, etc. Technology for training and
readiness wilI rely heavily on improved computational and modeling techniques in
order to simulate the environment without expensive training in the actual
environment for all cases. Improved transmission of information, highly dependent
on computers, is a Iikely solution to the reduction nf acquisition time. The list is
clearly pointing to many of the elements expected to improve as a result of enhanced
performance expected from nanostructures.
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The applications of ekctrcmic devices are too numerous to outline here with
any degree of completeness. NRL emphasis involves many aspects of electronic
devices having ultimate utiiity in rf, microwave, and high frequency sys!erns. This is
perhaps the highest priority product desired from Doll from nanofabricaled devices.

Signal processing will improve significantly by the trend to rrmroeiermnnic
devices. Fsmctiorrs involvirtg adaptive filters, analog neurai networks, EW signal
processors for detector arrays, etc. wiIl benefit considerably. Concepts involving
distributed memory may develop with neurai network approaches. Qriarstwn
interference devices, etc. are yet to be developed and offer considerable opportunity
for exp~oitation.

As the size of the devices fabricated for nanoelectronics become smafier and
smafier, the “wiring crisis” becomes a major limitation to tbe functioning chip. The
greater density of leads having higher resistance due to smaiier dimensions
everrtnaliy leads to a prohitiitive arrarrgement of connectirms to eacfr function
cornportent ort a cfdp. A proposed arciritecture which will possible operate to
eireumverti thk Iirnitatimr is that of celluiar autcsmata. By arranging computational
modules adjacerrt to one another, with the ability to pass information among
themselves, many computational problems wiii be solved with such an architecture.

2. SEfWflftS AND SYSTE~

The integration of the mariy materials, aenaors, and devices possibie with
rsmmstructures cars lead to enhanced performance of a wide variety of sensors and
systems. operating in a “smart’” mode with logic. adjacent to the sesssnmof the system.
ieadkrg trr the gathering atsd reduction of massive amounts of data, with tite essenee of
the importmst information transmitted to a decision maker. This includes tbe wide
variety of sensors discussed above, from fieid and motion sensors, ehemica15101egieal
sensors, Iigfrtfelectromagnetic radiation sensors, etc. and the wide variety of
information processors which will he attached to the resulting signals.

AND WEAPf3NS f70NST ~ (Code 6300}

L STRUCTUR AL MATERIALS

II seems clear that smafler grain sizes in metals, alIoys, and ceramics shouM
lead to stronger materials. Thk general statement, however, may be tempered with
the observation that many such materials will undergo grain ripening at ti~ghef
temperatures. witlr a consequent cb ange irr tire desired properties. The exact nature
of this process is not fully understood, which makes this an area for further
investigation. Further, simply making the desired materials is a major
accomplishment in many cases.
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The applications which can evnlve with structural materials which demonstrate
higher performance are too enumerous to list. The observation remains that if the
higher perfomsance can be achieved on a coat-effective basis, there will be many
applications for these materials. These applications will take on the form of thin films
and coatings, strength-bearing ceramics, cutting tools. imPact resistant structu~es.
cements, adhesives, composites, ceramics (e.g. new generation of internal combustion
engines), engineering ceramics for turbine blades, and many others.

Abrasives are characteristically made by forming composites with hard
particles imbedded in a matrix. The smaller the particles, the smoother the site
resulting from abrasive action. Thus the opportunity for improved abrasives for
polishing is enhaneed by appropriately preparing nanometer-sized materials for this
purpose.

Surface roughness of a machined surface can be measured typically to less than
0.3 nm (or even factor of 10 finer!) (with light measurements, however, lateral
resolution is on the order of the wavelength of light)

Precision machining of optics, particularly in tbe IR, was introduced in the
1970s. Diamond-turned optics was introduced in about 1977. This aspect of nanometer-
precision has been under way for a number of years, and, although it has bad
substantial impact in machining directly optical components which high precision,
substantial growth of this area is not foreseen in the near future.

Ion beam machining has a resolution limit nf about 0.1 micron for acceptable
removal rates.

The finer grain, the thinner the adhesive layer, consequently the higher the
bond strength of adhesives used to bond surfaces which are closely matched in
dimensions.

4. FRICTION AND W=

Understanding how interfaces behave at close tolerance is an open field; this is
where scientific questions are coming from a technology area which has been studied
for decades. The tools are now available to investigate behavinr on a localized basis
which have not been available before.

Smaller particles have a higher surface area per unit mass. Chromatography
beds utilize dispersions of small particles for a stationary layer. Smaller particles
could conceivably utilize smaller columns, or could yield higher separation
efficiencies. This aspect has been pursued by those interested in this aspect of
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grrocessirrg tecfmdogy. Heterogeneous cetaIysis is genera!ly sensitive !0 the swrface
arew mariy catalysts are. clearly more effective in a highly dispersed state. Advances
in the ability to prepare these catalysts VN rmdoubtedly enhance the cQst-
effectiveness of a given catalyst, of interest tQ suppiiers af partimdar chemicals arrd
nzrtteriats.
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VII. NRL PROGRAMS INVOLVING
~

A. PRINCIPALLY ‘dNAN@

L 6.1 PRO~

a. R013-01-43: Surface Chemistry

Examining the chemical and physical nature of a surface naturally leads to the
examination of nanostructural features. This Task Area includes nannchemistry and
the utility of proximal probea (both tunneling microscopy and atomic fnrce
microscopy) among many . other methods of characterizing surfaces. Phenomena
examined include adhesion, contact formation, nanoindentation, separation, and
fracture of proximal probes with a surface. Molecular dynamic simulations are
undertaken for the behavior of proximal probes. The fabrication and
characterization of monomolecular layers and thin organic films is included in this
Taak Area.

b. R013-01-4F: Intermolecular and Surface Forces:
Adhesion /Nanomechanics

This ARI examines the moIecular contributions to adhesion and interracial
mechanics. Molecular mechanisms to be examined with AFM, STM, and near-field
optical microscopy to give a picture of the short-range forces operating on nanometer
dimensions. This program has been initiated in October of 1992.

c. R021-02-41: Semiconductor Materials

This Task Area investigates a large number of methods for the fabrication and
characterization of semiconductor materiala. Included in some of these are
heterojunction materiaIs, quantum wires, and quantum dots having nanometer
dlmenaions. Growth techniques such as OMVPE, MBE, ALE, ion implantation, etc. are
used to grow materials such as GaAs, hrP, InSb, AIGaAs, InGaAa, etc. Characterization
of single layer growth behavinr will utilize techniques such as RHEED, Raman and IR
spectroscopy, EPR, photo- and electro-reflectance, ODMR, ballistic phonon transport,
Hall effect, and time-resolved photoacoustic spectroscopy.

d. R021-02-42: Microstructure Electronics

A natural extension of microelectronics in the pursuit of smaller structures is
the nanometer dimension. Many of the techniques which are considered standard in
the microelectronics world are useful in the extension to the nanometer region.
Monolayer superlattices of AIAs-GaAs are under investigation. Fabrication techniques
include MBE, electron and ion beams, Properties are to be characterized by methods
such as RHEED, LEED, Auger, photo- and cathodoluminescence, photoluminescence and
photoreflectance, and transport measurements.
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s. R021-02-4C: Nmrrrelectronics

The Nmmelectrrmics ARI starts in Ctcmber, 1991, and invrrlves Codes 6800
(primarily) as well as Codes 6100 arrd 6500. A principal crbjecdve is to nbtain higher
perfmrnance electronics by fabricating and utilizing nanmneter-scde materials and
strrmttmes.

Fabrication methods wiI1 utilize both eiectron beam lithography arrd tunneiing
iecltrtiques. A driving question involves uncovering the Iimits nf nanofabrication
tecfmiques. Etefrirtg techniques are to be utilized in conjunction witIr ottter
fabrication approaches. The behavior of resists, clremicaL physical, and expomrre
tirnita are m be investigated. Tectmiques invrdving MBE and ALE wil~ be utiiized in the
preparation crf heterojunction and superiattice structures. Materials to be fabricated
inchrde quantum dots and wires.

Transport properties are clearly one of the most important properties to be
investigated in this program, Properties giving rise to electrical noise, eiectrort
interference effects, quantum interference switching mechanisms, baiiisiic
transport. eiectron correlation effects in transport, and boundary effects are part of
the wide array of phenomena to be investigated. Nonlinear properties of quantum
dots represents arrother plmtomenon lo be investigated.

r. R021-05-44: Silicon Miertreleetrmrics Researcit

T%% Task Area is designed to pursue research associated witfr siiicorr
roieroelectronics, involving materials. processing, and device{circuit design. Further
extensions of microdectronics lead quite naturaiiy to nartorneter dimensirrns. Si/Ge
heierojunction material is under examkration in Utk Task Area. Quantum transprrrt
modeling is also under study here.

~. R@22-01-4K: Computatiwrtrl Frontiers in Nartescale

Structures

An NRL AW entitled Computational Frontiers in Nanoscale Structures marts on i
October 1992. T%is progrant, mainly in Code 4690, utilizes krca! density approximations
(LDAs) for treating electron exchange and correlation, and more advanced
eompmaticmal models such as str-caIied grarKent corrections to the LDA approximation,
to study materials properties. For exumple, tccfmiqnes to study Ibe properties of arnafl
clusters {-100 atoms) and of complex solid-state materials (-20 atom unit cctls) are
becoming widely availabie throughout the theory community. More advanced
computational capabilities avaiiable on iarge-scaIe paratiei computers wiii usher irt
the abiiily so work with the intermediate region in which chmers containing many
hundreds of atoms will be tractable. For bdk systems, an example of a probiem whktt
can be considered in the near future is that of treating an extended defect in an
otherwise perfect material. Predictimr of the pmqrerties, static. dynamic and
thermodynamic is the goal of tfrese calculations. The stability of alternative :
structrrres with interesting properties can also be predicted hr many cases with these
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Y1l. NRL PROGRAMS INVOI.V NG NANOFAI BR/CATION

calculations. Elastic and transport properties, as well as superconducting properties
are predicted. Using these approaches, bond energies can now be calculated within
0.1 eV accuracy.

h. R041-06-4M: Biomaterials/Interfaces

This ARI explnres the fundamental issues associated with the molecular design
and fabrication of films on surfaces. Understanding tbe fundamentals of wetting,
adhesion, moIecular order and energy transfer is expected to lead to advances in
magnetic, optical, and electronic materials as well as biosensors and thin-film
displays. Patterned films due to self-assembly and long-range molecular interactions
will be examined with a variety of surface and nanometer-characterization tools.
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APPEN DIX ~

C)NNEL AT NFIL INVOLVIQ WITH NANOFAEIFtlCAW~ AND CHARACTER ZATlOqI

NAME

Arrcorta, Mario

Ayers, Jack
Bartoli, Filbert

Etorsuk, Gerry
Bottka, Nick
BuoL Felix

Calvert, Jeff

~ Campbell, Paul

Campilio, Tmry

mwm

6813 208 119

6321 42 318
6551 30 15

6800 208 258
6860 208 202
6864 208 326

6090 207 322

6863 208 151

6546 12 368

Ctwosella, Carmine 4671 74 209

chow, lvtilog

Cttdsey, Doug
Cohon, Klch

Dobisz, Elizabeth

D’Antonio, Pettn
!3Msteirr, Al
Pain% Tom

Fridwle, E. 1.

Ciaber. Bruce

6090

4670
6177

6864

6030
6371
6090

6505

6(MO

‘R843

74 214
207 208A

208 145

35 205
42 IK2

207 378B

12 205

2?07I08A

NQ

72534

76231
73276

73525
73097
72535

71294

73414

72057

74800

47947

74800
70801

75159

73267
72970
74302

7227(J

74304

Theory: Approximate techniques for quantum device
performance; cellular atttornma simulation, lithography
process simulation; $iGe

Fabrication: Firm-grain metals/alloys, wires
Fabrication/t3raracrerization, Optical properties: Quantum

drrts; nonlinear optics .
DivMon; Electronics
Branch; Electronics: Tircory, Fabrication, Characterization
Theory: Simulation of carrier transport; Nanoeiectronics

physics and qrtantum-based devices
Fabrication, Characterization; llio and self aasambly: AfU:

Molecular Engineering of (Bio)materials and Interface
Characterization; Electronics: Individual (single) defects in

nmrostntcturea
Fabrication, Characterization; Optical properties: Quantum

dots and wires; optical cbarmxcwizatlott
Fabrication, Characterization: Ferrite tllms deposited by PLS:

quartz beam accelerometers
Fabrication: Irtclusiort in vesicles for fabrication of

nanometer particle sizes
Fabrication: PLD of superconductors, ferrite thin films
Characterization: STM, AFM, Nanochenristry,

Nanomcchatdcs, MU, Blue Sky (A.W Sensors), Single
molecule ID for CBWD

Fabrication, Characterization; 131ectrtmics: Lithographic
techniques for electronic materiala/device% prim~rily
optical

Characterization: S’I’M, glasses, diamond, etc.
Fabrication: $ntall metallic clusters
Fatmicmhm, Characterization Bio, Sdf-assmnbly, %ntsora:

$enmms: receptor-based biosensora; nmml patterning
Fabdcation: Glass composites containhtg quarmrm t?orifined

atructrms
Fabrication: E$h $etf-aaaernbly, Scn$ors: “Nstromacltinittg”



mIfLm. ILM m

Gabriel, Ken
Gammon, Dan

GialIorenzi, Tom
Glesener, John
Godbey, David

Goldberg, Lew

Grabowski, Ken

Gubser, Don
Hoffman, Craig

Horowitz, James
Hsrr, Dave

.r Hubler, Graham

Idzerda, Yves

Jonker, Berry

Justus, Brian

Kafafi, Zakya

Karle, Jerry
Killiany, Joe

Klein, Barry

Konnert, John

Koon, Norm

6804 A69 104
6876 208 348

6500 215 201
6522 12 366
6812 208 144

6572 215 101

4670 74 157

6300 42 228A
6551 30 15

4670 74 214
6114 207 234

4671 74 156

6345 60 302

6345 60 302

6546 12 374

6551 12 113

6030 35 201
6810 208 143

4690 30 201A

6030 35 207

6342 42 208

73150
73261

73171
75370
48542

79380

74800

72926
73276

74800
72742

74800

73603

73603

72057

74871

72665
72524

72549

73267

72360

using tunneling techniques; molecular patterning
Fabrication/Characterization: Micromachinea
Characterization, Fabrication; Electronic properties:

Photoreflectance, luminescence, spin density waves, strain-
induced electric fields

Division; Optics
Fabrication: Diamond tubules
Fabrication; Electronics: SiGe and InSb heterojunctions by

MBE, Quantum wires
Application; Diode lasers from heterojunctions, quantum

wires
Fabrication, Characterization: PLD deposition nf

ferroeleclric films, X-rays
Division: Materials
Characterization; Optical properties: Superlattices of

semiconductors for optimizing non-linear properties
Fabrication: PLD of superconductors, ferrite thin films
Fabrication: Preparation of 35 nm linewidtb metallic

patterns on a substrate by CVD
Fabrication: Deposit thin films by IBAD, optical films,

contacts to GaAs, X-ray methods, lithography masks
Characterization: Angle-resolved Auger scattering; Spin-

resolved spectroscopy; circularly -polarized photon
spectroscopy

Fabrication, Characterization; Magnetic films: Spin-
polarized effects in semiconductors, metals, etc. Angle-
resolved Auger scattering

Fabrication, Characterization; Optical properties: Quantum
dots, microcrystallitea in glasaes and zeoIites

Fabrication, characterization: Metal and semiconductor
clusters, nanocompnsites, fullerenes, optical properties

Centeu Characterization: Diffraction techniques
Branch; Electronics; Applications; Electronic device

design/characterization; radiation hardening; analog
signal processing devices

Theory: Clusters; electronic, thermodynamic, and
mechanical properties

Characterization: Nanodiffraction techniques using electron
beams

Fabrication, Characterization, Applications: Magnetic thin
films, magnetic memory devices



. . ..— .— ---, - -, . . . .-
EBME

Kub, Fritz
Marrian, Christie

Meyer, Jerry

~~chel, Dave

Murchiy, Jim
Nagel, Dave
Natisharr, Paul

CMofsky, Mkhae]

O’Grady, William
Pande, (lrandra

4
r+

Peckerar, Marty

Priest, flick
Prinz, Gary

Prokes, Sharka

6813 208
6864 208

65!31 30

6326 71P

6100 207
4600 75
6322 42

6344 60

6171 207
6325 42

6804 A69

6522 12
6345 60

127
145

13/4

1410

108
300
122

120

221
320

104

366

fw

73862
15159

73276

72621

73026
72931
71344

72793

72631
72744

73150

75370
72433

6864 208 245 72799
Pmvmrzarm, Virgi16372 42 312(! 72565

Reirwcke, Thomas

Rolisarr, Debra

Rrrss, Mark
.%ltnur, Jrrel

Sdtomr, Paul

$cott, Craig

6877 208 352 72594

6171 207 218 73617

6112 207 2S5 73148
6090 207 309 73%$4

6090 207 378A 74301

6813 208 121 74693

Device design, device physics, analog VLSI, SiC3e rkwicsw
Fabrication, (?haracmrizatirm; J31cctmnica: Nanoelectronics

ARI, topography
Theory, Characterization; Electronics: Srrprwlatticea of

mrnlcondrsctora for optirnizhrg rron-Mr@ar properties
Fabrication, Characterization; Mechanical properties:

$hrperplasticity rrsing nanometer-sized crystalihm
materials

Division: Chemistry
Division; Condensed matter, radiation sciences
Clraractmizatiod’”fheory: Alloy effects; behavior of

mmab’oxide and oxideLsolution irrterfacs$; Localized
corrosion

Characterization; Superconductivity: Flux pinoing studied
by trmtmling techniques; superconducting proximity
effects; single electron tunneling devices.

Fabrication/Characteri zation: of 15-30A catalyst particles.
Characterization, Theory; Mechanical properties; Electron

microscopy, theory of superconductivity of nanometer
particles

Fabrication, characterization, devices; Electronics:
Nanofabricatiosr facility at NRL

Fabrication:
Fabrication,

films and
Fabrication:
Fabrication,

Nasroscale
strength

Diamond tubules
Characterization: Magnetic properties of thin
aufrerlattice materials
Porous silicon, lithographic techniques
Characterization; Mechanical properties:
crystalline materials for increased mechanical

Ttreory”-f3ffect of phorrorts on transport properties; b~havior
of coupled quantum dots; high densityi?righ excitation
effects in sollds

Characterization: Chemical and electrochemical aspects of
nanoscience; zeolite$, catalysts

Fabdcatioru Work Unit: C1ustera consolidatwt work rmit
Ceno.x Bim Self-assembly, magnetic and dielectric

properties; armsors
Fabrication, Charactmizatimt, Application; Bio, &df-

asaerrtbly: Lipids, tub~kw, microencapardation, cohf
cathodes

Devices: SirW devices, mrncwleclrottic device $trwctures
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N491m mEEkJ2G. KM

Shannabrook, Ben 6876 208 354

Shashidhar, R.

Singer, Irwin

Skellon, Earl

Smidt. Fred

Snow, Eric

Sorrlen, Bob

<
u Sprague, Jim

Tang, Chamei

Thompson, Phil

Tonocci, Ron

Wagner, Bob

Webb, Denia

White, Carter

Whitman, Lloyd

Wilaey, Neal

wolf, Stu

6090 30 404

6176 207 271

4683 60 114

4670 521T 1

6876 208 348

6344 60 116

4672 74 212

4791 A50 118A

6812 208 142

6546 12

6874 208 344

6850 208 304

6119 207 215

6177 207 149

6870 208 358

6340 60 315

m

73692

48424

72327

73014

74800

73261

72395

74800

74148

48541

73665

73312

73270

48845

73693

72600

~lvI’fY

Characterization, Fabrication; Electronic properties:
Phoioreflectance, luminescence, spin density waves, strain-
induced eIectric fields

Fabrication, Characterization; Magnetic properties,
Dielectric properties, Senaorx Bio, Self-assembly:
Metallized tubules, ferroelectric behavior of Iipids

Characterization; Tribology: Nanocharacterization of
friction/wear process

Fabrication, Characterization; Stmcture: Taylor wires of Bi,
other materials: Characterization with synchrotrons
sources

Branc~ Beams: Fabrication, Characterization; Beams: Beam
deposition; PLD .

Characterization: Electronics: Defect properties in
semiconductors; STM, proximity effects as photovoltaic
probes; near-field optical probes

Characterization; Superconductivity: Flux pinning studied
by tunneling techniques; superconducting proximity
effects; single electron tunneling devices.

Fabrication, Characterization; Beams: Beam deposition; PLD;
Nanotechniques in general; Microscope techniques

Characterization: Fluid flow dynamics through microporea,
tubes, valves, etc.

Fabrication; Electronics: SiGe and InSb heterojunctions by
MBE; Quantum wires

Fabrication, Characterization; Optical properties: Quantum
dots and wires; optical characterization

Fabrication, Characterization; Electronics: The Epi-Cente~
GaAs; GaInSb/InAs; surface roughness

Branch; Electronics: Fabrication, Characterization, Devices;
Electronics: Microwave devices; heterojunction bipolar
transistors

Theory: Clusters, frdlerenes; electronic and structural
properties

Characterization, Fabrication: STM, nanolithography, atomic-
scale studies of kinetics and mechanisms of surface
reactions

Branch; Electronics: Heterojunction materiala, photonica,
processes; defect properties

Branch; Superconductivity, Magnetism: Fabrication,
Characterization; Superconductivity, magnetism, etc.



APPENDIX H: FACILITIES

The fdkm+rrg describes briefIy the iarger facilities at NRL which are utilized
for fabricating and characterizing nannstrnctures or composites inwoiviag
nanostructures.

Many of the processing techniques associated with narroelecmrnics such as
iithrrgraphy. C’#l) and IUE are located irr Code 6804 (See subsequent section irt
this Appendix regardirig NRL Nartofabricadrm Faciiity).

Particle beam deposition, ‘km Beam Assisted Deposition (IBAD), van der Graaf
generators, etc.: Code 467tJ

Puked Laser Deposition (PHI): Code 4670

Ekctron Iithograpfry at IWL JEOL nanowriter: Code W!% (See subsequent seetimt in
this Appendix regarding NRL Nanofabrication Faciiity)

ECR Deposition for I-lgCdTe materials. (Code 4670).

Focussed Ion Beam M:Ning (a fieid emission tip with Gadolinium icrns): Code 6345

Molecular Beam Epitaxy (MBE): Code 6800

A Klbar #32P MBE (“the. Eni-Center”>. It has two chambers. one for H-W tmd
one for HI-V’ matehals {co~nected by vactmm for transfer betweert
chambers). This device has an Auger spectrometer (single pass, 3 Kv)
and RIIEED ( 10Kv in each chamber). h is designed to achieve uniformity
over a large area, and to maintain careful thermaI control. Location:
207/Room I05A, Code 68?4.

Vmtl {“Vacuum Generators” MBE) growth system is difecdy connected to the
surface analysis chsrtrber. allowing surface chemistry and physics
studies using x-ray photoelectron spectroscopy {XPS), uitraviaiei
pbotoeiectron spectroscopy {UPS), Auger electron spectroscopy (A15S},
and secondary ion mass spectrometry (SIMS) on sampies wkdcfr have not
been Exposed to air. This instrument is dedicated 10 examining SiGe
materials, with doprmts of Sh, B, and Ga. It can handle 3“ and 4“ wafers.
Ex situ analysis includes x-ray diffraction, pboto}uminescence, oplicaity
detected magnetic resonance, and electrical device performance. Code
6%12

74



APPEN DIX II: FACILITIES

VG80 (’Wacuum
growth.
addressing
surfaces.
Ribar 32P

Generators” MBE) growth system utilized for Ga, In, Al, As
This machine is utilized specifically to addresa questions
the growth of atomically abrupt (or smooth) interfaces and
It supports the Nanoelectronics ARI. Location: Adjacent to

Code 6876.

Varian 360 MBE instrument, recently utilized for narrow band gap
semiconductors associated with InSb and InAs. This machine is being
converted to an instrument which will be used for a number of materials.
Location: Bldg. 208, Rm. 207.& Code 6876

Self Assembly: Vapor condensation, encapsulation, biological recognition, Langmuir-
Blodgett fiIms, clusters, etc. replete throughout various divisinns at NRL

Taylor wire fabrication. This technique is able to draw glass containing a metal core
to dimensions ranging from 5 microns to several hundreds of Angstroms,
depending on conditions. (Code 6320)

Ion implantation facilities. These techniques have considerable flexibility for
depositing thin films (microns) of selected materials on/within surfaces. These
facilities are located in Code 4670.

Rapid solidification of molten materials produces fine crystallite dimensions.
6320).

(Code

Molecular beams and pulsed laser production of clusters. (Code 611 O).

Microscopy at NRL: Codes 4670, 6030

TEM: Hitachi H-9000, with interpretable resolution of 1.8A; this instrument has
an acceleration voltage of 300,000 v, and is dedicated to high resolution
imaging. Location: Bldg. 208, Room 154A (Code 6812)

TEM: Phillips CM-30 with 2 A resolution “point to point” (a lattice resolution of
1.4 A). This instrument is utilized for a number of problems. Location: Bldg. 42,
Room 319 (Code 6323)

XPS: X-Ray Photoelectron Spectroscopy, Surface Science Model 100. This is a UHV
instrument capable of identifying minority species at 2-5% in a depth of 3-5
atomic layers and a lateral resolution of 150 microns. Location: Bldg. 207, Rm.
362. Code 6170

Auger Spectroscopy, Perkin Elmer PHI Model 660, with a lateral resolution of (f.I
micron, depth of 2-5 atomic layers, and a sensitivity of
also has Energy Dispersive X-Ray Analysis (EDEX)

1-2%. This instrument
with 1 micron lateral
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resoiutimr imrl 1-2 micron depth re.strhrtimr. It can serve as is Scanning Electron
Microscopy with ZOO-3(KI~ resolution. Location BIdg. 42, Room 1X3.

PJ+modiffraction at IW?L. The instrument utilized to examine diffraction due to an area
of a few angstroms is located at Arizona State U. Code 603tl

Rutherford Backscatter (RBS), This instrument is located in Code 4670.

Elastic Recoil Detection. Ttds instrument is Iocated in Code 4670.

OpticaI apectrcrscopy (ptrotolurninescence, absorption/scattering, limited aperture
semming). These instruments are in Codes 6870, 6550.

$mciwotron radiation, EXAFS. etc. NRL has a beam Iine at the Nationai Synctmmrrnr
Light Source (NSLS) at Brookhave!r {Code 4680}.

Proximal probes:
4672 - Sprague
6030 - D’Antorrio
6Q9ff - Gaber
6177 - Colton
6344- Ctsofsky
6864 - Marrian

Synchrotrons facility (NSLS. Brookhaven): KabIeC other ports such as Bell Labs also
utilized

optical probes for thin film ctraracterization. A number of laser transmissiwt,
reflection, fhmrescence, and Itrmineacence phenomena are examined with
irrstmrrwnts designed for specific eqrerimrmts; Codes 6551, 6800

Angle-resolved Auger scattering: This instrumerst is being procured; Code 634S

Near field optical microscopy: This instrument is being procured; Code 6870
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NRL NANOFABRICATION FACILITY FACT SHEET

The Nanoelectronics Processing Facility, Code 6804,
fabricate and examine nanoelectrnnic samples and devices.
of the facility is for the convenience of potential uaera.

Facility Mission:

is specifically available to
The following description

. To provide microelectronics and nanoelectronics processing capability in
support of the on-going research and development effort of the Naval Research
Laboratory.

. To advance the state-of-the-art in microelectronics and nanoelectronics
processing as it auit~ the laboratory’s needs for advanced process capability.

Principal Material Systems:

Silicon, GaAs, dielectric electrooptic substrate materials.

Level of Capability:
Base processes: submicron CMOS, NMOS, CCD, GaAsFET, HEMT, silicon

micromachining (tactile sensor and neural probe application).

Minimum features sizes:
CMOS: 0.751mr
GaAsFET/HEMT O.lpm
Quantum effect devices 15 nm

Wafer size: 3“

Throughput: not relevant for current operation. We’re not an IC fab Iine. We
could easily accommodate 100 Si CMOS wafer-starts per week, though (if
required).

Assembly: fuI1 asaembly capability up to single-layer PCB application.

CAD: TEK-based 4115 operation linked to VAX 150; Sun IV running CALMA,
Microvax running JEBCAD (JEOL PG language); Macintosh running DW-
2000.

Facility Deacriptinn:
Clean: 3000 sq. ft. @
Non-clean Iab space:

Replacement cost for
4h’f.$

class 1000, 1000 aq. ft. at class 100
1000 aq. ft.

facility space:
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Key capital eqssiprnerst assets @sd replacement cost):

LPCVD {4-tribe stack): lM$
APCVIl 0.15M$
RI13 0.6M$
Metallizatimr: f3.7M$ (evaporators)

(t.5M$ {spuiieririg systems)
C3ptical lithography (4 headway spiruwrs, Blue M programmed bake overt, 2

SIJSSE 13UV contact printers, 4 Iaminar flow hoods): 13.6M$
~xidati~~~ffusion {4 3-trrbe stacks): lM$
13ketronsask optical PG + MANN stepper lM$
Cambridge EBMF-6.5: 1.5M$
JEOL nanrwritec 2.3M$
Plaie contact printer, automatic plate development and etch: 0.4 M$
CADWAX: lM$ .
AsaemMy (4 wirebondera, 1 wafer saw, wafer scriber): 8.6M$
Teatirrg (electrical/optical): 0.5M$
Electrochemistry (platers, 2 laminar flow hoods): t2.2M$

Total: 12.05M$

Near Terns Flarrs @-5 years):

Capital equiprnerm
6“ Line furnace renovation (500K$); cyclotron ME metal etcher
(250KS resist imaging SEM (250K$); dedicated evaporators for lift-
uff (150K$)

Facilities: Modular clearrroom addition to photo area, 200 sq. R. {500K$)
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